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PREFACE TO, VOLUME II., 


, I , HAVE in the present volume dealt with the intri cate 
phenomena of different tropisms,. The' movements in plants 
under the stimnli of the environment — the ; twining ' of 
tendrils, the effect of temperature, the action of; light 
inducing movements sometimes towards and at othe'r' times 
away from the stimulus, the diametrically opposite responses 
of the shoot and the root to the same stimulus of gravity, 
the day and night positions of organs of plants — these, and 
many others present such diversities that it inusi have 
appeared a hopeless endeavour to discover any fundamental 
reaction applicable in all cases. It has therefore been 
customary to assume different sensibilities especially evolved 
for the advantage of the plant. But teleological argu- 
ment and the use of descriptive phrases, like positive 
and negative tropism, offer no real explanation of the 
phenomena. Thus to quote Pfeffer “When we say that an 
organ curves towards a source of illuminationv because of 
its heliotropic irritability we are simply expressing an 
ascertained fact in a conveniently abbreviated form, without 
explaining why such curvature is possible or how it is 
produced. . . . Many observers have unfortunately devoted 
their attention to artiffcially classifying the phenomenon 
observed, and have entirely neglected the explanation of 
causes underlying them,” He also adds that in regard to 
the phenomenon of growth and its variations, an empirical 
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treatment is,- ail .-'that is' possible, in^ the ..present' 'Bfcate.'.'of niir':' 
knowledge..; but deduction' from . results of ,„experim.eiital. 
ill Ycstigation.. “still. ,rema.ms the 'ideal of physiology,, .and only 
when, this , ideal '.'has been - attained,- shall - we. .be able to 
obtain.' ,a ' comprehensive' view- of the interacti,ng .faoto,rs at 
work ill , the ' -.living organism,” ■ 

. - In -my previous work on. “Plant Response” (1306) I 
described detailed investigations on irritability of plants 
which I carried out with highly sensitive recorders. The 
plant was thus made to tell its own story by means of 
its self-made records. The results showed that there is 
no specific difference in physiological reaction of different 
organs to justify the assumption of positive and negative 
irritabilities. A generalisation was obtained which gave a 
complete explanation of diverse movements in plants. 
The results were fully confirmed by an independent method 
of inquiry, namely that of electric response, which I have 
been able to elaborate so as to become a very important 
means of research. 

The investigations described in the present volume 
not only support the conclusions reached in my earlier 
works, but have led to important additions. It is evident 
that the range of our investigation is limited only by 
our power of recording the rate of plant-movement, 
that is to say, in the measurement of length and time. 
In these respects the instruments that I have been able 
to devise have surpassed my sanguine expectations. The 
Resonant Recorder ’ traces ■time-intervals as short as a 


tlioiisaiid“cli ' part • of a , seconci., ^ while niy 'balanced Cresco- 
graph enables ns to measure Yariation of rate of ^ growth as 
minute as .-nA)¥ lailiionth of 'an inch, per second, the .seiisi- 
tiYeness of this apparatus thus rivals that of the' spectro-: 
scope. The increasing refinement in oiir experimeiital 
methods cannot but lead to important advances towards 
a deeper understanding of underlying reactions in the 
living organism. 

I shall here draw attention to only a few of the 
important results given in the present volume. The tropic 
effect of light has been shown to have a deliiiite rela- 
tion to the quantity of incident light. A complete tropic 
curve has been obtained from sub-minimal to maximal 
stimulation which shows the inadequacy of Weber’s law, 
for the sub-minimal stimulus induces a qtmUktUve differ- 
ence in physiological reaction. It has farther been shown 
that the prevalent idea that perception and heliotropic 
excitation are two distinct phenomena is without an 3 ^ 
foundation* 

With reference to the effect of ether waves on plants, 
1 have given an account of my discovery of the response 
of ail plants to wireless stimulation, the results being 
similar to that induced by visible light; The perceptive 
range of the plant is thus infinitely greater than ours; 
for it not only perceives, but also responds to different 
rays of the vast ethereal spectrum. 

The results obtained by the method of geo-eiectric 
response show that the responsive reaction of the root 


is';, iH ao .-way different' from .that of the shoots the o.'pposite 
.mofemeiiis ■, be,iBg due :to the fact that; in , the shoot , the 
stimulation is direct, and in the root ' it is , Indirect* 

Full ' description is given of the; new, method,.' of 
pliysio,logicai .exploration by means of the, , electric pro'be, 
bj' which the particular .layer which perceives /the 
stimulus of gravity' is definitely localised* The ■ method 
of electric probe is also found to be of extended applica- 
tion in the detection of physiological changes In the 
interior of an organ. 

An important factor of nyctitropic movements, hither- 
to unsuspected, is the effect of variation of temperature 
on geotropic curvature. This and other co-operative factors 
have been fully analysed, and a satisfactory explanation 
has been offered of various types of diurnal movement* 

A generalisation has been obtained which explains 
all the diverse movements of plants, itnder all modes of 
stimulation : it has been shown that direct stimulation 
induces contraction and retardation of growth^ and that 
indirect stimulation induces an expansion and acceleration 
of growth. 

Another generalisation of still greater importance is the 
establishment of identical nature of physiological reaction in 
the plant and the animal, leading to advances in general 
physiology. Thus the discovery of a method for immediate 
enhancement or inhibition of nervous impulse in the plant 
led to my success in the control of nervous impulse in the 
animal. Another important discovery was the dual nervous 



imptilses ia: plants, and I .have very recently been .able .to 
establish, that the nervous impulse generated in ihe animal 
nerve by stimnins ' is not single, but double. 

The study of the responsive phenomena in ; plants must 
thus form an integral part of physiological' investigation 
into various problems relating to the irritability of ail living 
tissues, and without such study the investigation must in 
future remain incomplete. 


October 1919. 


J. C: BOSE. 
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PART III. 

TROPISM IN PLANTS. 




: XXII.---TH BALANCED OEESCOGIAPH 

By 

Sir J. C. Bose. i 

We sliail in the succeeding series of papers deal with 
the subject of tropism in general. Different plant organs ; 
undergo curvature or bending, sometimes towards and at 
other times away from the stimulus which induces it. 

The problem is very intricate; the possibility of its solu- 
tion will depend greatly on the accurate determination of 
the immediate and after-effects of various stimuli on the 
responding organ. The curvature induced in the growing . 
organ is brought about by variation, often extremely slight, 
of the rate of growth ; the result, moreover, is liable to 
be modified by the duration and point of application of ; 
stimulus. The diffieulties connected with the problem can 
only be removed by the detection and measurement of the 
minutest variation in growth, and by securing a continuous | 
and automatic record of tbe entire history of the change. 

In the chapter on High Magnification Crescograph an ! 

account is given of the apparatus which I have devised i 

by which the rate of growth may be magnified from ten 
thousand to ten millions times. It is thus possible to ; 

measure the imperceptible growth of plants for a period I 

shorter than a single second. The variation of normal | 

rate of growth is also found by measuring successive i 

growth records on a stationary plate at regular intervals, | 

say of ten seconds, or from the flexure in the growth-curve ; 

taken on a moving plate (p. 163). ; 

I was next desirous of exalting the sensitiveness to a 
still higher degree by an independent method, which would 
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EOt only reTCal weij. slight.' variation indaced in the" ''rate 
of growth,., hut .also, the latent period and time-relations of 
the change. . For this purpose..'! at first devised the ' Optical 
Method of. Balance^ which was. considered at , .the time to 
he extremeij .sensitive. The spot of light fro,in t.he 'Optical 
Lever '(which magnified the rate of growth) was made to: 

'.upon a 'mirror to which a compensating', movement 
was imparted . so that the light-spot after double ' reflection 
remained stationary. . Any- change of rate, of growth — 
acceleration or retardation — was at once detected by the 
movement of the hitherto stationary spot of light in one 
direction or the other. 

A very careful manipulation was required for the 
adjastment of the Optical Balance ; the record moreover 
was not automatic. For these reasons I have been 
engaged for several years past in perfecting a new appa- 
ratus by which, (1) the balance could be directly obtained 
with the utmost exactitude, (2) where an attached scale 
would indicate the exact rate of growth, and (3) in which 
the upsetting of the balance by external stimulus would 
be automatically recorded, the curve giving the time rela- 
tions of the change. 

PEIKCIPL® OF THE METHOD OF BALANCE. 

I shall take a concrete example in explanation of the 
method of balance. Taking the rate of growth per second 
of a plant to be inch or 0’5 ^ per second (equal 

to the wave length of sodium light), the tip of the plant 
will be maintained at the same point in space if we suc- 
ceeded in making the plant-holder subside exactly at the 
same rate. The growth-elongation of the plant will then 
be exactly balanced by a compensating movement dowm- 
wards. The state of exact balance is indicated when the 
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recording lever of the Crascograph traces:' a' to line 

on the moving plate. Overbalance, or nnderbalance will 
deflect the record below or above the horizontai line. 


COMPENBATIKa. MOVKMBlSrT. 

For securing exact balance the holder of the plant P, in 
the given example, will have to subside at a rate of 



Fig. 93. — Arrangement for compensation of growth-movement by equal sabsi- 1 
dence of plant-holder; S, adjusting screw for regulation of speed of rotation; G5 ; 
governor; W, heavy weight; P, plant-holder. 1 


inch per second. This is accomplished by a system of 
reducing worm and pinion^ also of clock wheels (Pig. 93). 
The clock at first used for this purpose was worked by 
the usual balance wheel. Though this secured an average 
balance yet as each tick of the clock consisted of sudden 
movement and stoppage, it caused variation in the 


I 





. , ■; ,jui,.i?'m MijJ.V JKMJKiiNTS '11^ ■ PLANTS ■ 

rate of ' siibsiclence ; this . became ; magnified by . the ^ ' .Gres- 
cograpli , and appeared as a .series^ .of .oscillations about \ a 
mean po.sitioii ' of equilibri.nm,- This -particular' defect ^ was 
obviated by^ the,, substitution of a fan governor .for the 
'.balan.ce^ wheel. But: the speed -of rotation slows down /with 
the. unwinding of the main, spring, ;an.d, the balance obtained 


Fic. 94.— Photographic reproduction of the Balanced Crescograph. L, magni- 
fying compound lever, R, recording plate, P, plant. C, clockwork for oscillation of 
the plate and lateral movement. G, governor. M, circular growtb-acale. V, plant- 
chamber. 

at the beginning was found to be insufficient later om 
The difficulty was finally overcome by the use of a heavy 
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weight W, in the place of coiled spring. The complete 
apparatus is seen in figure 94. 

Wov purpose of simplicity of explanation, I assumed 
the growth rate to have a definite value of inch per 

second. But the rate varies ■widely in- different plants and 
even in the same plant at different days and seasons. In 
practice the rate of growth for which oompensation has ■ 
to be made varies from iRch, or from 0*17/x 

to 1-Op, per second. We have thus to secure some means of 
continuous adjustment for growth, the rate of which could 
be continuously varied from one to six times. This range 
of adjustment I have been able to secure by the com- 
pound method of frictional resistance and of centrifugal 
governor. regards frictional resistance the two pointed 
ends of a hinged fork rub against a horizontal circular plate 
not shown in the figure. By means of the screw head S, 
the free ends of the fork spread out and the circumfer- 
ence of the frictional circle continuously increased. The 
centrifugal governor is also spread out by the action of 
the adjusting screw. By the joint actions of the frictional 
control and the centrifugal governor, the speed of rotation 
can be continuously adjusted from 1 to 6 times. When the 
adjusting screw is set in a particular position, the speed of 
rotation, and therefor© the rate of subsidence of plant-holder, 
remains absolutely constant for several hours. The attain- 
ment of this constancy is a matter of fundamental import- 
ance, and it was only by the employment of the compound 
system of regulation that I was able to secure it. 

The method of obtaining balance now becomes extremely 
simple. Before starting the balancing movement by clock 
regulation, the plant is made to record its magnified growth 
by the Crescograph. The compensation is effected as 
follows : the speed of the clockwork is at the beginning 
adjusted at its lowest value, and the pressure of a button 
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starts the balaacing movement of the plant downwards. On 
account of partial balance the record will be found to be 
less steep than before ; the speed of the clock is gradually 



Fro. 95.— Balanced Cresoographio record-! (a) shewing effect of iiiiderbalanc 
and {b) overbalance of about 3 per cent. (Magnification 2,000 times.) 

increased till the record becomes perfectly horizontal under 
exact balance. Overbalance makes the record slope down- 
wards. In figure 95 is seen records of underbalance (a) 
and overbalance (6), to the extent of about 3 per cent. 

It will thus be seen that the effect of an external agent 
may be detected by the upsetting of the balance; an up- 
movement indicates (unless stated to the contrary) an 
enhancement of the rate of growth above the normal ; and 
a down-movement, on the other hand, a depression of the 
normal rate. 

Galibration . — The calibration of the instrument is 
obtained in two different ways. The rate of subsidence of 
the plant-holder, by which the balance is obtained, is 
strictly proportional to the rate of rotation of the vertical 
spindle and the attached train of clock-wheels. A striker 
is attached to one of the wheels, and a bell is struck 
at each complete revolution. The clockwork is adjusted 
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at S; medmiR speedV, bell striking 35 limes . Ib . a. .miniite. 
A- microscope, micrometer is focussed' on a 'mark made' on 
.tbe . plant-liolder, aud the amount of' , subsidence. „ of . the 
mark, determined after one minute ;. tMs was' foinid to be 
0*0525 rum. , As this fali occurred mf ter, v35 strokes mf: 
beil the subsidence per stroke was 0*0015 mm. 

Deter minat km of the ahsohde rale of If growth 

be found balanced at N strokes of bell per minute, ilie 
rate of subsidence per second = N x mm. per second 

= N X *000025 mm. per second 
== N X ‘025 per second 
= hi X 10*^*^111011 per second. 

Example , — The growth of a speeitnen of Zea Maya was 
found balanced when the number of strokes of the bell 
was 20 times in a minute. 

Absolute rate of growth = 20 x *025 im = 0*5 per second 
or = 20 X 10’~'^ inch ,, 

~ ' 50,000” ” ” 

If we take the wave length of sodium light X as our 
standard, the growth in length per second is equal to X. 
This will give us some idea of the sensitiveness of 
the Crescograph employed in recording the movement of 
growth. 

GROWTH-SCALE. 

The Balanced Crescograph enables us not merely to 
determine the absolute rate of growth, but the slightest 
fluctuation in that rate. 

Indicator Scale , — All necessity of calculation is obviated 
by the scale provided with the apparatus. ■ The speed of 
clockwork which brings about the balance of growth is 
determined by the position of the adjusting screw S, the 
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gradual loweriog, ■ of : whieh ' produces a ' con'tlnuoiis '' diiamii* ^ 
tioE ' of 'apeed. ' A particular positioa of the : screw tliarefor^ 
iadicates a. . definite rate .of subsidence for balancing gro.wtb. 
By' a 'simple' "meohanism the ' up or down movebaent . of the 
screw' causes rotatioa of an ■■ inde^c pivoted at /the centre ' of 
a circular .scale.'. Each, division ■' of the' scale is calibrated', 
by., counting the corresponding ' nu.mbe;r of' strokes of ,'flie 
bell per minute at different positions of the adjusting screw. 
.The scale is calibrated in this manner to indicate different 
rates of growth from 02 to T2 ju. per second. 

The determination of the rate of growth now becomes 
extremely simple. Few turns of the screw bring about 
the balance of growth and the resulting position of the 
index against the circular scale automaticaily indicates the 
absolute rate. The procedure is even simpler and more 
expeditious than the determination of the weight of a 
substance by means of a balance, 

SENSITIVENESS OP THE ORESCOGRAPHIO BALANCE. 

Perhaps the most delicate method of measuring lengths 
is that afforded indirectly by the spectrum of a light. A 
good spectroscope resolves differences of wave lengths of 
(=0’5896 fi) and Bo (=0-5890) Le, of 1 part in a thousand. 
The average rate of growth of Zea Mays is of this order ; 
being about 0*5 per second. Let us consider the question 
of the possibility of detecting a fractional variation of the 
ultra-microscopic length by means of the Balanced Cresco- 
graph. In reality the problem before us is more intricate 
than simple measurement of change of length ; for we have 
to determine the rate of variation of length. 

The sensitiveness of the balance will, it is obvious, 
depend on the magnifying power of the Grescograph. By 
the Method of Magnetic Amplification referred to in page 
170, I have succeeded in obtaining a magnification of ten 
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miiiioa : times.. In ' this- method ' : a . very - ' delicate ^ astatic 
systeiB - deflection by the movement 

of a- magnetised . lever in 'its neighbourhood. '.A Epot ' of 
light ■ reflected" ■ from a small mirror attached, to ^ the astat^ 
system,, thns gives the highly " magnified .. movement ' of the 
rate of growth, which may easily be raised to ten million 
times. I shall in the following describe the results obtained 
with this easily managed magnification of ten million 
times... 

Detsrmination of sensitiveness: Experiment ^9*— A seed- 
ling oi Zea Mays was placed on the CrescograpMc Balance ; 
and the magnetic amplification, as stated above, was ten 
million times. With 18 strokes of the bell per minute 
the spot of light had a drift of 4* 266 cm. per minute to 
the right ; this is because the growth was underbaianced. 
With faster rate of clock movement, i,e,y 21 strokes in 68 
seconds or 18*53 strokes per minute, the drift of the spot 
of light, owing to overbalance, was to the left at the 
rate of - 530 cm. per minute. Thus 

(1) 18 strokes per minute caused a drift of + 266 

cm. per miiiute. 

(2) 18*53 strokes per minute caused a drift of - 530 

cm. per minute. 

Hence by interpolation the exact balance is found to 
correspond to 18*177 strokes per minute. 

Therefore the absolute rate of growth 

;s= 18*177 X 0*025 /A per second, 

= 0*45/t per second. 

= 0*000018 inch per second. 

We learn further from (1) and (2) that a variation of 
^ change of drift of the spot of light 

from 4* 266 to - 530 cm,, Le,y of 796 cm. per minute. 

22 
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Ab it is easy to detect a" -ilnft of 1 cm. per minute a 
variation ol: ^ 27,OlMI may thus bo 

deteci:e«l b.y the Method ■ of Balance. The’ B|iecti*osco|.)ic 
method enabled m, m- we saw,, to detect change of wave 
length 1 part in a thousand, . The sensiidlit-y of the 
Balanced CrcBcograph, .is '.thus seen ' ..to rival, if not surpass 
that of the spectroscope. 

For obtaining ■ 'a 'general idea ol the sensitiveness, the 
absolute of growth in the instance given above was (KXI018 
inch per second, and the Balanced Orescograph was shown 
capable of discriminating a variation of 1 part in 27, iM ) ; 
hence it is possible to detect by this means a variation 


of 




Biiiiionth of an inch per second. 


This method of unprecedented delicacy opens out a new 
held of investigation ou the eft‘ect of changes of environ- 
ment in modification of growth; instances of this will he 
found in subsequent chapters. I give below accounts of 
certain demonstrations which will no doubt appear as very 
striking. 


After obtaining the exact balance a match was struck 
in the neighbourhood of the plant. This produced a marked 
movement of the hitherto quiescent spot of light, thus indi- 
cating the perception of such an extremely feeble stimulus 
by the plant. 

Breathing on the plant causes an enhancement of growth 
due to the joint effects of warmth and carbonic acid gas. 
A more striking experiment is to fill a small jar with 
carbonic acid and empty it over the plant. A violent move- 
ment of the spot of light to the right demonstrates the sti- 
mulating effect of this gas on growth. 

The method described above is excessively sensitive ; for 
general purposes and for the method of direct record, a less 
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sensitive ■ .arrangement ,'is sufficient. ■ I give ' , .below' ^ acc.ouiits 
of severar typical experiments, in whicli - the ' recording form 
of ■ Gre.soograpli was employed,: the roagnilication being only 
2,000 times. ' 

.Effect of carbonic acid on Balanced growth : Experiment 
100^—1 have already shown that carbonic acid diluted with 
air induces an enhancement of the rate of growth, but its 
long continued action induces a depression (p. 185). I 
shall now employ the Method of Balance in studying the 
effect of OOg on growth. It should be remembered in this 
connection that the horizontal record indicates the balance 
of normal rate of growth. An up-curve exhibits the 
induced enhancement and a down-curve, a depression of 


t 

c 0 


Fi(^. 9G,— Becord showing the effect of COy. Horizontal line at beginning 
indicates balanced growth. Application of CO a at arrow induces enbancement 
of growth shown by the up-curve followed by depresflion, shown by the down- 
curve. Successive dots at intervals of 10 seconds. (Seedling of wheat.) 

growth. In the present experiment after obtaining the exacl; 
balance, pure carbonic acid gas was made to fill up the 

22 a 
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plant-cliamber at.tlie point /Biarked with an arrow (Fig. 96), 
It will be seen that this induced an almost Immediate ac- 
celeration ol the., rate,, the 'latent period being less than live 
seconds. The acceleration ' continued for two and half 
minutes ; the accelerated rate ' then slowed down, became 
enfeebled, and the growth returned for a short time to the 
normal as indicated by the hodsiontal portion at the top of 
the^ record this ' proved "to be the turning point of 
Inversion from acceleration into retardation of growth. The 
stron.ger ' is the concentration of the, gas the earlier is the 
point of inversion. With diluted carbonic acid the accelera- 
tion may persist for an hour or more. 

BPPSCT OP AMBTra 

Effect of Mher : Experiment Idi.— Dilute vapour of 
ether is found to induce an acceleration of rate of growth 



Fio. ^7.— (a) Effect of ether, acceleration of growth, (6) effect of chloroform 
preliminary acceleration followed by depression. 

which persist for. a considerable length of time. This is 
seen in the upsetting of the balance upwards on the 
introduction of the vapour (Pig. 97a.). 
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: Effee Experiment The .effect of 

chloroform ■vapour m ■ relatively ' more . depressitig: . than 
ether. ■ Applicadon of chloroform is seen. to. induce at.' 
first ail ■acceleration which persisted for 50 seconds, but 
after' this depression set in (Fig,; 97b). Prolonged ■ applica- 
tion of the ansesthetic is followed 'by the death ; of ■ the 
plant, 

BUMMAEY. 

In the Method of Balance the movement of growth 
upwards is compensated by an equal movement of the 
plant downwards, with the result that the record remams 
horizontal. 

The effect of an external agent is immediately de- 
tected by the upvsetting of the balance, up-record repre- 
senting acceleration above normal, a down-record the opposite 
effect of depression below the normal rate. 

The latent period and the after-effect of stimulus may 
thus be obtained with the highest accuracy. 

The sensitiveness of the Method of Balance may be 
raised so as to indicate a variation of rate of growth 
smaller than millionth of an inch per second. 



TROPIC .MOYEMENTS , 

■ By ; 

Sir J. 0. Bom 

The di¥,erse movemeats induced by external stimuli in 
different organs of' plants are ■ extremely varied and; com- 
plicated. The forces in operation are manifold — the 
influence of changing temperature, the stimuiuB of contact, 
of electric current, of gravity, and of light visible and 
invisible. They act on organs which exhibit all degrees 
of physiological differentiation, from the radial to the 
dorsi ventral. An identical stimulus may sometimes induce 
one effect, and at other times, the precisely opposite. Thus 
under unilateral stimulation of light of increasing intens- 
ity, a radial organ exhibits a positive, a dia-phototropio, 
and finally a negative response. Strong sunlight brings 
about para-heliotropic or * midday sleep ’ movement, by which 
the apices of leaves or leaflets turn towards or away from 
the source of illumination. The teleological argument ad- 
vanced, that in this position the plant is protected from 
excessive transpiration, does not hold good universally; for 
under the same reaction, the leaflets of Cassia montana 
assume positions by which the plant risks fatal loss of 
water. In Averrhoa carambola the movement is down- 
wards, whichever side is illuminated with strong light ; 
in Mnnosa leaflet the movement, under similar circum- 
stances is precisely in the opposite direction. The plioto- 
nasuic movement, apparently independent of the directive 
action of light, has come to be regarded as a phenomenon 
unrelated to phototropic reaction, and due to a different 
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Mild '.of ' irritability, and a' different' m.ode ,,of . reg-poiisei So 
, very ■ anomaloiis.' are these ' various effects that .Pfeffer, after 
showing the' inadequacy of different theories that have been 
advanced, came to the conclusion that the precise character 
of .the stimulatory . .action, .of . light .has .yet 'to , be deter- 
mined. , When we say that an organ curves towards : a . so.urce 
of illumination because of its heliotropic irritability, we are 
simply expressing an ascertained fact in a conveniently 
abbreviated form, without explaining why such curvature 
is possible or how it is produced.”*' 

The contradictory nature of the various responses is 
however not real; the apparent anomaly had lain in the 
fact that two definite fundamental reactions of opposite 
signs induced by stimulus had not hitherto been recognised 
and distinguished from each other. The innumerable varia- 
tions in the resultant response are due to the sumination of 
the effects of two fluctuating factors, with further complica- 
tions arising from : (1) difference in the point of application of 
stimulus, (2) the differential excitability of the different sides 
of the responding organ, and (3) the effect of temperature 
in modifying tropic curvature. It is therefore most import- 
ant to have the means for automatic record of continuous 
change in the response brought about by various factors, 
which act sometimes in accord, and at other times in con- 
flict. The autograph of the plant itself, giving a history of 
the change in response and its time-relations, is alone 
decisive in explanation of various difficilties in connection 
with plant movements, as against the various tentative 
theories that have been put forward. The analysis of the 
resulting effect, thus rendered possible, casts new light on 
the phenomena of response, proving that the anomalies 
which had so long perplexed us, are more apparent than 
■-■■■real.".. ' ■ 


* Pfeffer -/6i^?-~VoL 11, p. 74. 
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One of the oaiiseB of uiieertaiaty lay with t'he queHtioii^ 
whether responBo cliaaged with the mode of stlmrilatloa. I 
have^ however,' been ''able.. .."to.- show d* hat aii /minn of stimuli 
induce a definite excitatory reaction of coiitraetion (p. 2iH)„ 

Tropic movements induced by unilateral action , of 
stimulus may, broadly speaking;,.. ■'-be divided into two classes 
depending on the point of ■..■application of stimulus: ■ 

In . the .first, . the, point 'Of ' application , unilateral 
stimulus is not." on the '' ...responding .organ. Itself, ..but „at 
some distance from, it, ■ .The question therefore relateS' to 
LoHGW?0DlHA,h,.. T.BA,,KBMIssrQK..^^.:.'of effect 'stimulus" ' .' 

In the. second,.: iiniiat,er.al, .B.Mmiilus. acts directly " on the 
responding organ.,," ■ For'- "the^ determination of the resultant 
movement, it necessary "to-. Take account of effects 
induced on the,, two sides, of the organ. The side adjacent 
to the stimulus' I shall '' des'ignate as the proximcd^ and 
the diametrically opposite as the distal side. The question 
to be investigated in this case relates to Tbaksvbrsb 
TRAHSMISSION of effect of stimuli^. It will be shown that 
the resulting movement depends on 

(a) whether the tissue- Is a conductor or a non- 
conductor of excitation In a transverse direc- 
tion, and 

(h) whether it Is the , proximal, or the distal side of 
the organ that ,is the more excitable. 

In connection with the response to environmental 
changes, a source of uncertainty is traceable to the absence 
of sufficient knowledge of the physiological effect of heat, 
which has been regarded as a form of stimulus: it will 
be shown that heat induces two distinct effects dependent 
on conduction and radiation, 'We shall in the succeeding 
chapters, take up the study of the physiological effects 
induced by changes in 'the environment 
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TRANSMISSION OF EFFECT . OF STIMULUS 
Bij 

Bin J. G. Bose, 

Assisted by 

Gxjeuprasanna Dab. 

I HAVE in previous chapters explained that the direct 
application of stimulus gives rise in different organs to 
contraction, diminution of turgor, fall of motile leaf, elec- 
tromotive change of galvanometric negativity, and retarda- 
tion of the rate of growth. I have also shown that 
indirect stimulation {t,e, application of stimulus at some 
distance from the responding organ) gives rise to a positive 
or erectile response of the responding leaf or leaflet 
(indicative of an increase of turgor), often followed by 
normal negative response. The positive impulse travels 
quickly. The interval of time that elapses, between the 
application of stimulus and the erectile response of the 
responding leaf, depends on the distance of the point of 
application, and the character of the transmitting tissue: 
it varies in different cases from 0*6 second to about 40 
seconds. The positive is followed by a slower wave of 
protoplasmic excitation, which causes the excitatory fail. 
The velocity of this excitatory impulse is about 30 mm. 
per second in the petiole of Mimosd^ and about 3 mm. 
per second in The positive followed by the 

negative thus gives rise to a diphasic response. The 
excitatory impulse is much enfeebled during transit : the 
negative impulse may thus fail to reach the responding 
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orgati, if the Btirniiliis be' feeble.- .-or if -tlie intervening dis- 
tance be long or seml-conclacting. . Hence iiio<k\rate stimulus 
applied at a distance gi^es ,■ rise -.■'only to. positive response; 
direct application of strong' ■' .sumnl ns gives rise, on the 
other .hand, to the, normal ■' negative. ' By employing the 
electric method of .- .investigation,.. 1 have obtained with 
ordinary tissues the positive, ".■the ..diphasic, a'lid the negative 
electric response, in' ■ correspondence with the responses 
given by a-., motile' organ.', (p. . 214).. y. The mechanics of 
propagation of 'the positive '-and- 'the negative impulse .are 
different. . It is " therefore^ necessary to distinguish . the 
quick trmumissio7i of the .. positive-,. ' impulse'' from the slow 
eondnctiim of the negative., impulse due to.,\the propagation 
of excitatory protoplasmic change. 

It should be horiie ' in . mind. : in ' this connection ' that . ail 
responsive inovexnentB ■ are ultim'ately '' .due, .■ to ,■ pr o.toplasmic 
changes. 'Which.' are' '.beyond. :our'. scrutiny.' We can i.nfer the 
nature of the change by the concomitant outward maiii- 
ih stations, which are of two kinds : the positiin\ associated 
with increase of turgor, expansion, ' and galvaiiometric posi- 
tivity, and the ’negative with concomitant decrease of turgor, 
contraction, and galvanoinetric negativity. Thus positive 
and negative reactions indicate the fundamental protoplas- 
mic changes of opposite characters. 

: The movement and curvature induced by Btimuhis 
have, for convenience, been distinguished as posit ive curva- 
ture (movement towards stimulus), and negative carviture 
(movement away from stimulus). Though these curvatures 
result from protoplasmic reactions, yet the positive curva- 
ture is not necessarily associated with protoplasmic 

reaction. It will be shown that the curvature of an organ 
is determined by the algebraical summation of effects 
induced at the proximal and distal sides of the responding 
organ. 
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■ 'PEysiologiBts haw .not ■ been ' aware of /the ; ilual; eharacter 
of the impulse generated by stimulus, and ' the term . trans-'. 
.mission of' stimulus ” ■ is thus misleading ' suice its. effect 
may be an expansion, or its very opposite, contraction* 
It is therefore necessary to discriminate the effect of one 
from, the other: the' impulse which induces; -an increase 
of turgor, expansion, and galvanonietric positivity will be 
distinguished as positive, in the sense that it causes an 
enhancement of turgor. The other, which induces diminution 
of turgor and contraction, will be termed as the excitatory 
impulsa. Transmission of the latter is dependent on 
conducting power of the tissue ; the positive impulse is 
practically independent of the conducting power. 

In animal physiology again, there is no essential 
difference between the effect of the direct and indirect 
stimulation. In a nerve-ancl-muscle jmeparation, for ex- 
ample, indirect stimulation at the nerve indiices the same 
contraction as the direct stimulation of the muscle. The 
only difference lies in the latent period, which is found 
to be longer under indirect stimulation by the time 
interval necessary for the excitation to travel along the 
conducting nerve. It is probable that stimulus gives rise 
to dual impulses in the animal tissue as in the plant. 
But the detection of the positive impulse in the animal 
nerve is rendered exceedingly difficult on account of the 
high velocity of conduction of excitation. I have explained 
that the separate effects of the two impulses can only be 
detected if there is a sufficient lag of the excitatory 
negative behind the positive, so that the relatively sluggish 
responding organ may exhibit the two impulses one 
after the other. In a highly conducting tissue the lag is 
very slight, and the negative will therefore mask the 
positive by its predominant effect. In spite of the difficulty 
involved in the problem, T have recently been successful in 
demonstrating the dual iihpiilses in the animal nerve. 
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Iii a.aj ^/case , It, is, lmporfean.;l: to remember the following 
eharafteristie,. , e.llect^^ of ■ indirect . stimulation. 


TAHht XXIL — SMOV^'lHO THE WFmV OB' INtUEBJCT Sl'EMObA^riOM.. 


, Intensity of 
stimiiloB. ' 

(jliaracter of interverii ng 
tissue 

Eespo naive effect. 

Moderate 

Highly conducting ... 

Contraction, 


Non*eonducting ... 

Expansion. 

'' ' ... 

Serai-conducting 

Expansion followed 


j 

by contraction. 

feeble ... 


; Expansion. 


These effects of inclirect stimulation have been fully 
demonstrated in the case of pulvlnated organs (p. 136) and 
growing organa (p. 215). 

Having demonstrated the fandamental reactions of 
direct and indirect stimulation, we shall next study the 
tropic eilects induced in growing organs by the effect of 
unilateral application of indirect stimulus. 

Experiment have already explained, how thermal 

radiation is almost as effective in inducing contraction 
and retardation of growth as the more refrangible rays 
of the spectrum. The thermal radiation was produced by 
the heating of a platinum spiral, short of incandescence, 
by the passage of an electric current. The intensity of 
radiation is easily varied by adjustment of the current by 
means of a rheostat. The experimental specimen was a 
ffower bud of Griniim. It was held by a clamp, a little 
below the region of growth. Stimulus was applied below 
the clamp so that the transmitted effect had to pass 
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through S, the securely held tissue (Fig. 98). A feeble 
stimulus was applied on one side, at the indifferent 



Fit?. 98. — Diagrammatic representation of effects of indireci and direct sti- 
mnlation. Contimious arrow represents the indirect stimulation, and the curved 
continuous arrow above, the induced negative curvature : dotted arrow indicates the 
appiioation of direct atim ulus, and the dotted curve above, the induced positive 
curvature., 

point about 3 cm. below the region of growth. The 
positive effect of indirect stimulus reached the region 
of growth on the same side, bringing about an accelera* 
tion of growth with expansion and convexity, the resulting 
movement being negative or away from the stimulus. The 
latent period was ten seconds, and maximum negative 
movement was completed in the further course of ten 
seconds, after which there was a recovery in the course 
of 75 seconds. A stronger stimulus B' gave a larger 
response ; but when the intensity was raised still higher to 
S% the excitatory negative impulse overtook the positive 
within 15 seconds of its commencement; the convex was 



'thus succeeded b-v ^K£» 

.ppliotioa of «iLlo. rZ 

t. . pciSve cJoL" .«‘™ ™« 



I’lG. 99.- Tropic curvature of Crimm •. 
increasing intensities : S S' of m ^ ^ ^^nilaterai indirect stimnlaf 

(movement away from 7h. , ? “duced nJutlT ” 

nefrative followed by positive'”? stimulus 8“ 

cation lOOtimes. at intervalsof 


i« thus found always to Indnof"" J«-^lt«ciinalIy 
and movLent awaj 

have obtained similar responsive J stimulus. j 
sign with various plant organs and Ji^gative 

of stimuli. Thus in the XmJ n 
longitudinally transmitted effect of Tt! the 

ignt of moderate 
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intensify was a ■ negative curvatare ; direct applicaticjn of 
iigiit, on, the: growing, region- gave, on the . other hand, a 
pos,itive curvature and movement towards light ■: 

Thus while the effect of direct unilateral stiniiilation 
is a positive curvature, the effect of indirect stirnnlation 
Is a negative curvature. The following table gives a 
summary of results of tropic effects under unilateral 
application of indirect stimulus. 


TABLE XXiir.— SHOWING TROPtO EFFECT OF UNILATEEAL 
APPLICATION OF INDIRECT STIMULUS. 


Stimulus, 

Character of intervening 
tissue. 

Sign of tropic 
response. 

Moderate ... 

Conducting 

Positive curvature. 

- r ; 

Semiconducting 

Negative followed 


1 ,• - 
1 ■ ■ ■ ' 

by positive. 

' Feeble , ... | 

1 Semi-conducting ... 

Negative curvature. 

Moderate ... i 

: ■ i 

Non-conducting ... 



Diiect application of unilateral stiiiiulus induces a positive curva- 
ture. . ; 


. SUMMARY. ■ 

111 sensitive plants stimulus applied at a distance 
induces in the responding region an expansion indicative 
of increase of turgor. 

The effect of indmect stimulation is also exhibited by 
an electric change of galvanometrio positivity, indicative of 
enhancement of turgor and expansion. 



, . lilFS; mOYSMlOTS.IK 

Indirect stimiihis inclnces ; in growing organB-.an ':enliaiiee- 
inent of ; rate, of , growth. ^ 

,0ml.ateral ..application of stimnlus .caii-^es an expansion, 
higher . up .on.,, -the ' same side .to whic,h.. the stimulus. Is 
applied ;; '.the .result is an induced 'conve.xity,, a iiioveiiient 
away from the stiinulusj Le,^ b, negative ■ curvature..,' .Direct 
stimulus applied iinliaterally. at . the . ■ responding .region, 
induces^ on the other hand, a positive curvature,.' 


XXV.— TROPIC CURVATURE WITH TRANSVERSE 
TRANSMISSION OP EFFECT OF STIMULUS 

By 

Bib J. C. Bosk, 

Assisted by 
Gitrupras ANNA Das. 

We have next to consider a very large class of pheno- 
mena arising ont^of the direct stimulation of one side and 
its transversely transmitted effect on the opposite side. 
The unilateral stimuli to which the plant is naturally ex- 
posed are those of contact, of light, of thermal radiation, 
and of gravity. There is besides the stimulation by elec- 
tric current. I shall presently show that these tropic 
curvatures are determined by the definite effects of direct 
and indirect^ stimulations. 

Under unilateral stimulus, the proximal side is found 
to become concave and the distal side convex ; the organ 
thus moves towards stimulus, exhibiting a positive curva- 
ture. This movement may be due : (1) to the diminution 
of turgor, contraction or retardation of rate of growth of 
the proximal side, (2) to the increase of turgor, expansion 
or acceleration of rate of growth on the distal side, 
or (3) to the joint effects of contraction of the proximal 
and expansion of the distal side. 

As regards the reaction of the proximal side, it has 
been shown that direct stimulation indnces local contrac- 
tion ill a pulvinated organ,; and... retardation of growth in 
a growing organ. The effect induced on the distal side 

■■ 23 
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,had:/liitherto ramaiEedi a matter of EEcert-aiuty, , la regard 
,.we' mast in mmtl that it is the effect of 

iadlrect 'stlmalES that reaches the distal , sided,: mdacuig an 
enhaEcemeat of turgor and expaasiOB. of that side. I 

For, obtaining a complete explanation of tropic curva- 
tures in general, it is important that the induction of en- 
hanced turgor at the distal side (by the action of stimulus 
at the proximal ' side) should be corroborated by independ- 
ent methods of enquiry. One of the methods I employed 
for this purpose was electrical. Two electric connections 
were made, one with the distal point (diametrically oppo- 
site to the stimulated area), and the other, with an indiffer- 
ent point at a distance. On application of stimulus of 
various kinds; the distal point was founcf to exhibit gab 
vanometric positivity, indicative of enhancement of turgor.’*^ 

I have since been able to devise a new experiment by 
which the enhancement of turgor on the distal side is 
demonstrated in a very striking manner. 

I have shown (p. 39) that the movement of the 
motile leaf of Mimosa is a reliable indicator of the state of 
turgor, increase of turgor- inducing erection , and diminution 
of turgor bringing about the fall of the leaf. I shall 
employ the mechanical response of the leaf to demonstrate 
the enhancement of turgor induced by transvei*se trans- 
mission of effect of stimulus. 

TUEOOE-VARIATIOK UNDER TOANBVBRSB TRANSMISSION 
OF STIMUnUS-EFFECT. 

Unilateral photic stimulation ; Experiment 104 . — A Mimosa 
plant was taken, and its stem was held vertical by means 
of a clamp. We apply a stimulus at a point on one side 
of the stem, and observe the effect of this on the state 
of turgor af the diametrically opposite side. In my first 


* “ Plant Response ' — p. 519. 
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experiment OB the subject of detection of induced change 
of tnrgor I employed the .stimui^ of light- A narrow 
beam from- ■ a 'Small, arc , lamp was made, to fall on the 
stem, at a point diametrically opposite to the motile leaf, 
which w.as . to serve as a indicator for induced variation 
of turgor at the .. distal side. The leaf was attached to the 
racording lever, the successive dots in the record being at 
intervals of ten seconds. Stimulation by light caused a 
positive or erectile movement within 20 seconds of applica- 
tion. The positive response afforded a conclusive proof of 
the induction of an increase of turgor at the distal point. 



iiG. 100. — lacteased fcurgor dae to indirect stimulation, inducing erection of 
Mimosa leaf : {a) diagram of the experiment, point of application of stimulus indicated 
by arrow, {b) erectile response (shown by down-curve) followed by rapid fall (up- 
curve) due to transverse conduction of true excitation. (Successive dots at 
intervals of 10 seconds.) 


When the stimulus is modetate or of short duration, the 
response remains positive. But with strong or prolonged 
stimulation, the slower excitatory negative impulse is con- 
ducted to the distal point and brings about the sudden fall 
of the leaf (Fig. 100). In the present case the excitatory 

23 a 


[ 



teral photic stimulation ; that is to say, the lirst ejHfect wa^ 
an erectile movement of the leaf, indicative of an induced 


Fi«. tOl— Response of leaf of Jh hiwm under transverse transmission of 
leectric stimulus. (Compare this with fig., 100.) 
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ittipuise readied' the motile organ 200 secoiicis after the 
Initiation ^ of hhe positive response. The stem was thin 
only 2 mm. d,n diameter. The velocity of excitatory 
impulse ill a transverse direction is tliiis O'Ol mm. per 
.second; tramverse transmission is, for obviou,a reasons^ a 
much slower process than longitudinal transmission ot exci- 
tation; 111 the Mimosa stem this is about 4 niin, per second. 

Umiateral eUctfic stimulation: Experiment 105 , — In 
order to show that the effects described above are not due 
to any particular mode of stimulation but to stimuli in 
general, I carried out an additional experiment, the 
stimulus employed being electrical. Two fine pin-electrodes 
were pricked into the stem, opposite to the responding 
leaf of Mimosa \ these electrodes were placed vertically 
one above the other, 5 mm. apart. After a suitable 
period, allowed for recovery from mechanical irrita- 
tion, feeble tetanising electric shock was passed through the 
electrodes. The responsive effects at the distal side of the 
stem is precisely similar to those induced under iinila- 
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'.eiiha.iiceiBeiit .of ■. Aiirgor the- . excitatory negative impulse 
tlieii, reached the distal point,' and 'Caused a sudden fall of 
... the jeaf (Fig. iOl): , 

The experiments that have just been ' described ■ are of 
uiiuch significance. An organ like the . stem oi Mimosa^ 
since it exhibits 3.10 contraction, may appear insen- 
sitive to stimiilatioD ; but its perception of stimulus is 
shown by its power of transmitting two characteristic 
impulses, one of which is the positive, giving rise to an 
enhancement of turgor, and the other, the true excitatory 
negative, inducing the opposite reaction or diminution of 
turgor. Unilateral stimulation gives rise to both these 
effects in all organs : pulvinated, growing, and non-growing* 
It was the fortunate circumstance of the insertion of the 
motile leaf on one side of the Mimosa stem that enabled 
us to demonstrate the important facts given above. 

The underlying reactions, which give rise to tropic 
curvature, could have been foretold from the Laws of 
effects of Direct and Indirect stimulation, established in 
previous chapters (pp. Di6, 216). The resulting curvature 
is thus brought about by the joint effects of direct sti- 
mulation of the proximal, and indirect stimulation of 
the distal side. We may now recapitulate some of the 
important facts relating to tropic curvatures; 

Indirect stimulation gives rise to dual impulses, positive 
and negative. ; of these the positive impulse is practically 
independent of the conducting power of the tissne ; but 
the transmission of the excitatory negative impulse is 
dependent on the conducting power. No tissue is a perfect 
conductor, nor is any a perfect non-conductor of excitation, 
the difference is a question of degree. In a petiole or a 
stem the conducting power along the direction of length is 
considerable, but very feeble in a transverse direction. In 
a semi-condncting tissue, a feeble stimulus will traiisroit 



only tke . positive .iflipulse ;' strong or : long, ■ coiitinnecl sti- 
iBiilation will transiait both positive .and .negative impiitees, 
the positive, preceding, the negative. The .transmitted posi- 
tive gives rise to increase of tnrgor, expansion, and accelera- 
tion of rate of growth ; ' the ■ negative induces the ; opposite 
reaction' of diminution of tnrgor, of contraction, and of 
retardation of rate of growth. 'Transverse transmlssioii is 
■only a particular instance of : transmission 'in.' general ; 
the' , only difference : is that the conducting power for 
excitaMon is very much less in the transverse than in 
the longitudinal direction. Owing to feeble transverse 

conductivity, the transmitted impulse to the distal side 

often remains positive ; it is only under strong or conti- 
nued stimulation that the excitatory negative reaches the 
distal side and neutralises or reverses the previous positive 
reaction. If the distal is the more excitable side, the 

reversed response will appear as pronounced negative. 
I give a table which will clearly exhibit the effects 
of stimulus on the proximal and distal sides of the 

responding organ. 


TABLE XXIV. — SHOWINO RESPOxNSIVE EFFECTS COMMON TO PCLVINJ AND 
GROWING ORGANS UNDER UNILATERAL STIMULATION. 


Effect of direct stimulation on 

Effect of indirect stimuiatioo on 

proximal side. 

• distal side. 

f- ■ 

Diminutiou of. tnrgor 

Increase of turgor. 

Gal vanome trie negativity 

Galvanoinetric positivity. 

Contraction and concavity 

Expausion and convexity. 

When stimulus is strong or long continued, the true excitatory effect is 

conducted to the distal side, neutralising or reversing the first response. 
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/riie' diagram which ■ I have ' ' already given (Fig» J8), 
clearly explains the different' . tropic effects Induced by 
changing the point of application of stimulus. We may thus 
have stimulus applied at the responding region itself (Direct 
Stimulation) or at some distance from it (Indirect Stimu- 
lation). The final effect will be ' modified by the coii- 
ducting power' of the tissue.. 


DIEBCT UNILATERAL STIMULATIOK.’ 

Type J. — The tissue has little or no power of trans- 
%"6rse conduction : stimulus remains localised, the 
proximal side undergoes contraction, and the distal 
side expansion. The result is a positive curvature. 

Type IL — The tissue is transversely conducting. Tinder 
strong and long continued stimulation the excita- 
tory impulse reaches the distal side, neutralising 
or reversing the first effect. 


INDIRECT UNILATERAL STIMULATION. 

I.— The intervening tissue is an indifferent con- 
ductor : transmitted positive impulse induces ex- 
pansion and convexity on the same side, thus 
giving rise to negative curvature away from 
^ ^ stimulus). 

Type' JJ.— Intervening tissue is a fairly good conductor ; 
the effect of positive impulse is over-powered 
: ■ h^ ' predominant excitatory negative impulse, 
the final result is a concavity' and positive curva- 
ture, with movement towards the stimulus^ 


The followiug is a tabular statement of the different 
effects induced by Direct and Indirect stimulation. 


TABLE X.\'T.— SHOWING DIFFERENCE OF EFFECTS INDUCED BY lilUEi’T 
AND INDIRECT STmri-ATION. 


Stiiniilatiori. 

Nature of the tissue. | Final effect. , 

Direct (Feeble) . . 
.iBclirect ,, 

Direct (Strong) ... 

Indirect ... 

Seroi*condiicti ng tissue. 

Better conducting tissue. 

Positive curvatore. 
Negative curvature. 
Neutral or negative 
curvature. ' 

Negative follom^ed by 
positive curvatore. 


The results of investigations already ilescribed, enable 
US to formirlate the general laws of tropic curvature 
applicable to all forms of stimuli, and to all types of 
responding organs, pulvinated or growing. 


LAWS OP TROPIC CURVATURE. 

1. («) DIRECT APPLICATION OP UNILATERAL STIMULUS 

OF MODBR.ATE INTENSITY, INDUCES A POSITIVE 
OB CONCAVE CURVATURE, BY THE CONTRACTION 
OP THE PROXIMAL AND EXPANSION OF THE 
DISTAL SIDE. 

(h) UNDER STRONG OR LONG-CONTINUED STIMULATION, 
THE POSITIVE CURVATURE IS NEUTRALISED OR 
REVERSED, BY TRANSVERSE CONDUCTION OF EX- 
CITATION ; THIS EFFECT IS ACCENTUATED BY 
THE DIFFERENTIAL EXCITABILITY OP THE TWO 
SIDES OF THE ORGAN. 
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2., {'a) INDIBBOT ' :APPMCATIO:N, OP UKIPATERAL, 

LUS OP FEEBLE 'mTE-NSITY INDUC.ES' A KEGATITE 
: AGURVATURP. •. 

(b) .m A ' OORDUCTING TIBBUE THE ' EXCITAYOBY 
EFFECT BEING TRANSMITTED UNDER STRONG AND 
LONG CONTINUED STIMULATION, INDUCES A 

/ ' ; . POSITIVE CURVATURE. 

It Aviil thus be seen that the tropic effect Is modified by : 

(1) the point of application of stimulns, 

(2) the intensity and duration of stimulus, 

(3) the conducting power of tissue in the transveTse 
direction, 

(4) the relative excitabilities of the proximal and 
distal sides of the organ. 

In the following series of Papers the tropic effects of 
various forms of stimuli will be studied in detail. 


SUMMARY. 

In a semi-condncti ng tissue Direct stiinulation induces 
a diminution of turgor and contraction, Indirect stimuia- 
tion inducing the opposite effect of increase of turgor and 
expansion. 

■ stimulation thus induces a positive curvature 

by the Joint effects of contraction at the proximal, and 
expansion :^at' the distal side., ' 

' Under,,, s.trong .and lon,g 'continued unilateral .stim.uia- 
tion, the excitation at the proximal side is- transmitted to 
the distal side. Transverse conduction thus neutraiises or 
reverses the normal positive, curvatiire.' ' 



:XXVL— MECHANOTROPISM: TWININO OF TENDRILS 

Bij 

Sir J. C. Bose, 

AsBUted hij 

, ' Gurxjpeasanna Dab. 

In response to the sfeimnlns of contact a tendril twines 
round its support. Certain tendrils are uniformly sensiti%’e 
on all sides ; but in other cases, as in the tendril of 
Passi/ora, the sensitiveness is greater on the under side. 
A eurvature is induced when this side is rubbed with a 
splinter of wood, the stimulated under side becoming 
concave. This movement may be distinguished as a move- 
ment of curling. There is, as I shall presently show, a 
response where the under side becomes convex, and the 
curvature becomes reversed. 

As regards perception of mechanical stimulus, Pfeffer 
discovered tactile pits in the tendrils Gucurhiiacem. These 
pits no doubt facilitate sadden deformation of the sensi- 
tive protoplasm by frictional contact. No satisfactory ex- 
planation has however been offered as regards the physio- 
logical machinery of responsive movement. The difficulty 
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of explaaatioii ; of ■ twining movements is accentuated bj a 
peculiarity in the response of ' tendrils wHch is 'extremely 
puzzling* ^ This anomaly was observed by Fitting: in tendrils 
which are sensitive on the under side: 

“If a small part of the upper side and at the same, 
time the whole of the under side be stimulated, curvature 
takes place only at the places on the under side which lie 
opposite to the unstimiilated regions of the upper side. The 
sensitiveness to contact is thus as well developed on the 
upper side as on the under side, and the difference between 
the two sides lies in the fact that while stimulation of the 
under side induces curvature, stimulation of the upper side 
induces no visible resuUy or simply inhibits curvature on 
the under side, according to circumstances.”* 

Here then we have the inexplicable phenomenon of a 
particular tissue, itself incapable of response, yet arresting 
the movement in a neighbouring tissue. 

The problem before xis may be thus stated ; Is the move- 
ment of the tendril due to certain specific sensibility of the 
organ, on account of which its reactions are characteristically 
different from other tropic movements r Or, does the twining 
of tendril come under the law of tropic curvature that has 
been established, namely that it is brought about by the 
contraction of the directly stimulated proximal side, and the 
expansion of the indirectly stimulated distal side ? 

I shall now describe my investigations on the effects of 
direct and' indirect stimulus on the growth^ of ' ' tendril'; , I 


Jost— p, 490. 
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have hi; ;Mite iiivestagafcioii' effect not merely 

iiiechanical, IniT ate^^ other forins .of ■ sthiiuli. 1 Hliall ako 
describe .the df, verse ■ eff e.cts i nduceil by , iiiech a ii ical st ' ui o 1 us 
under dlli'erent conditions. From the results of 'these experi- 
'ments , I s.hali be able to show that the twi'ni.iig of the tendril 
.comes under ' the,: ge.neral law .of tropic curvaiiire ; that 
the . curvature results from the' cont.ract,ion of the proximal 
and expansion . of ' the distal side. Finally I shall be able 
to offer a satisfactory explanation of the inhibition of 
response of the temdril by the stimulation of the opposite 
side of the organ.' 


OENERAL EFFECTS OP INDIRECT ANB DIRECT ELECTRIC 
STIMULATION ON THE GROWTH OP TENDRIL. 

For this experiiuent I took a growing tendril of 
G'murUta in which the sensitiveness is 
more or less uniform on all sides. The 
tendril was suitably mounted on the 
Balanced Orescograph, which records the 
variation of che rate of growth induced 
by immediate and after-effect of 
stimulus. The specimen is htdd in a 
clamp as in the diagram (Fig. 102), 
the tip being suitably attached to the 
recording lever. For indirect stimulation 
feeble shock from an inductioii coil is 
applied at the two electric connections 
Fig. 102.— Diagrammatic below the damp. Direct stimulus is 
representation of indirect applied by means of electric connections 

and direct stimulation of , i <•» / 

one above and the other below tlie 
clamp. 
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Stimulus : '■ Experinierd Tli'e 

growth of. the tendril was exactly 
balanced, and the record became 
horizontal. Indirect stimnlns was 
next applied below the clamp ; this 
is seen to upset the balance, with 
the resulting up-curve which 
indicates a sudden acceleration of 
growth above the normals This 
acceleration took place within ten 
seconds of the application of 
stiinuhis, and persisted for three 
minutes; after this the normal rate 
of growth became restored, as seen 
by the balanced record once more 
becoming horizontal (Fig. 103). 


Effect of Direct Stimulus : Experiment 107» — The in- 
cipient contraction induced by direct stimulation is so 
great that the record obtained by the delicate method of 
balance cannot be kept within the plate. I, therefore, 
took the ordinary growth-curve on a moving plate. The 
first part of the curve represents normal growth; stimulus 
of feeble electric shock was applied at the highest point of 
the curve. This is seen (Fig. 104) to induce an iiiiinediate 
contraction and reversal of the curve which persisted for 
two and half minutes, after which growth was slowly 
renewed. The most interesting fact regarding the after- 
effect of stimulus is that the rate of growth became actually 
enhanced to three times the normal. This is clearly seen 
in the record (upper half of the figure) taken 20 mmiites 


■Effect of - Indirect 



Fig. lOa.—Eecord by Method 
of Balance, showing accelera- 
tion of growth of tendril (up- 
curve) induced by indirect sti- 
mulation. {Cuciirhita.) 
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after .stimtilation, %vliere . the otirve . is far more erect , thaa 
that of the normal rate of growth before : stimnlatloii, , : 


FtG. 104.— Variation of growth induced by direct atimulatioiu First part of the 
curve shows normal rate of growth. Direct stimulation induces contraction (reversal 
of curve). After-effect of stimulus seen in highly erect curve in upper part of record, 
taken 20 minutes after. 


The effects of Indirect and Direct stimnlation of the 
tendril are summarised below : 

(1) Indirect stimulation induces a sudden enhancement 
of rate of growth, followed by a recoverj' of the 
normal rate. 
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(2) Direct stinmlation induces a retardation of the rate 
' of growth which ' may culminate ■- into an actual 
contraction. The after-effect of direct stimulus ' of 
niodemte intensity is an enhancement of the rate. 

' ofgrowthi 

The experiments described above demonstrate the effects 
of direct and indirect electrical stimulus. I shall now 
proceed to show that mechanical stimulus induces effects 
which are similar to those of electric stimulus. 

EFFECTS OP DIRECT AND INDIRECT MECHANICAD 
STIMULUS. 

Effect of Direct mechanical stinmkis: Experiment 108 , — 
In this case I took a tendril of Cucurhitaj and attached 
it to the ordinary High Magnification Grescograph, the 
record of which gives the absolute rate of its normal 
growth, and the induced variation of that rate. The tendril 
was stimulated mechanically by simultaneous friction of its 
different sides. The immediate effect was a retardation of 
growth, the reduced rate being less than half the normal. 
There was a recovery on the cessation of the stimulus; the 
rate of growth was even slightly enhanced after an interval 

TABLE XXVi. — SHOWING THE IMMEDIATE AND AFTER-EFFECT OF MECHA- 
NICAL STIMULATION ON TENDRIL (CuCUfUta), 

Normu! rate of growth ... ... 0’44 F' per sec. 

Retarded imte immediately after stimulatioii ... 0*20/^ n t? 

Recovery and enhancement after 15 minutes ... 0*50 „ ,, 

of 15 minutes; Table XXW shows the immediate and 
after-effects of mechanical stimulation oh growth. 
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The imiiieJiate and after-effects- .’of- mscliaiilcal stimiiliis 
on the temlrii are, ' therefore; -the same as : that of electric 
stimnhis. The incipient -eontraetion ■ninle.r direct mechani- 
cal stimiiias, ■ moreover, . is not,. 4116 special characteristic of 
.ten'vlri'ls, hat of growing plants .in general. For I have 
.shown "{page 2-03): that "the- growth of How-cn* .stalko. of 
•Zephi/rarithes is, also ,■ retarded after- mechanical 'friction,, 
from the normal rate 0*4'8 ji 'to 0T.1. fjL after stimulation. We 
shall find' later, -that different plant organs, after moderate 
stimulation, exhibit ■ acceleration of growth' as an after- 
effect The phenomenon of- responsive reaction of tendril 
is therefore not iinic|ae, bat similar to that of other organs 
under all forms of stimulation. The only speciality in 
tendril is that owing to anatomical pecaliarities, the percep- 
tive power of the organ for mechanical vStimuliis is highly 
developed. 

We are now in a position to offer an explanation of 
the induced concavity of the stimulated side of the tendril, 
and its recovery after brief contact. The experiments that 
have been described show that: 

(1) the proximal side contracts becaiisd it is directly 

stimulated, and the <listal side, being indirectly 
stimulated, expands ; the curvature is thas due to 
the joint effects of contraction of one side, and 
expansion of the opposite side, and 

(2) the recovery of the tendril after brief contact is 

hastened by the after-effect of stimuias, which 
is expansion and acceleration of growth. 

The resaits given above will also be found to explain 
Fitting's important observations* that (a) the stimulated 
side of the tendril undergoes transient contraction with 
subsequent aeceleration of growth, and that {(>) the distal 
or co.ivex 'si und ergoes an immediata enhancement of 
growth. 



Pfef€r-/6*<^^Yo|. Xil,p, 67. 
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: ;‘I give 'below' a "record given by- a tendril ot Umwhita 
in response to nnilateral contact of short duration (Fig* 105). 
Successive dots in the record are at intervals of three 
seconds. The latent period was ten seconds, and the maxi- 



Fie, 105. — Positive curvature of tendril of Omurhita under unilateral stimulus of 

contact at X . 


mum curvature was attained in the course of two and a 
half minutes. The curvature persisted for a further period 
of two minutes after which recovery was completed in the 
course of 12 minutes. Feeble . stimulation is attended by 
a recovery within a short period, but under strong stimulus 
the induced curvature becomes more persistent. 


INHIBITORY AOTIONVOF ;STlMUIiU8. 

I have referred to the rdin^rkable observation of Fitting 
that though the application gf itimulut O.n the upper side 
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of the tendril of Passiflora did not induce any response, 
yet it inhibited the normal response of the under side. 


The results of experiments whioh I have described -wil), 



re- 
presentation of effects of In- 
direct and Direct unilateral 
stimulation of the tendril* 
Indirect stimulation, I, induces 
movement away from stimulated 
side (negative curvature) repre- 
sented by continuous arrow. 
Direct stimulation, D, induces 
movement towards stimulus 
(positive curvature) indicated 
by dotted arrow. 


however, afford a satisfactory ex- 
planation of this curious inhibition. 
It has been explained, that the 
curvature of the tendril is due to 
the Joint effects of diminished 
turgor and contraction at the 
directly stimulated side, and an 
enhancement of turgor and ex- 
pansion on the opposite side. In 
the diagram seen in figure 106, 
the left is the more e.xcitable side, 
and contraction will induce con- 
cavity of the stimulated side. But 
if the opposite or less excitable side 
of the tendril be stimulated at the 
same time, then the transmitted 
effect of indirect stimulus will 
induce enhancement of turgor and 
expansion on the left side, and 
thus neutralise the previous effect 
of direct stimulus. An inhibition 
of response will thus result from 
the stimulation of the opposite 
side. 


A difficulty arises here from the fact that the upper 
side of the tendril (the right side in Fig. 106) is supposed 
to be inexcitable and non-contractile. Hence there may be 
a misgiving that the stimulation of the non-motile side 
may not induce the effect of indirect stimulus (an 
Increase of turgor and expansion) at the opposite side, 
which is to inhibit the response. But I have shown that 
even a non-contractile organ under stimulus generates both 
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the impulses, positive and negative. , This " is ■ seen illustrated 
in figure 100, where the rigid stem of Mimom was subjecled 
to unilateral stimulation ; the effect of indirect stimulus was 
found to induce an enhancement of turgor at the diametri- 
cally opposite side, and thus caused an erectile movement of 
the motile leaf. Electric investigations which I have carried 
out also corroborate the results given above. Here also 
.stimulation of a non-molile organ at any point, induces 
at a diametrically opposite point, a positive electric varia- 
tion indicative of enhanced turgor. It will thus be seen 
that inhibition is possible even in the absence of contraction 
of the upper side of the tendril ; hence the contraction of 
the directly stimulated side is neutralised by the effect of 
indirect stimulation of the distal side, 

RESPONSE OF LESS EXCITABLE SIDE OP THE TENDRIL. 

It is generally supposed that the upper side of the 
tendril of Passiflora is devoid of contractility. This is how- 
ever not the case, for my experiments show that stimula- 
tion of the upper side also induces contraction and con- 
cavity of that side, though the actual movement is rela- 
tively feeble. 

Experiment 109 , — In order to subject the question to 
quantitative test I applied feeble stimulus of the same 
intensity on upper and lower side alternately. Successive 
stimuli were kept more or less uniform by employing the 
following device. I took a flat strip of wood 1 cm. in- 
breadth, and coated 2 cm. of its length with shellac varnish 
mixed with fine emery powder. On drying the surface 
became rough, the flat surface was gently pressed against 
the area of the tendril to be stimulated, and quickly 
drawn so that the rough surface 2 cm. x l cm. Avas rubbed 
against the tendril in each experiment. Stimulation, thus 
produced, induced a responsive movement of each side of 
, , 9A A , 
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tlie. organ. , The extent ■, .of the . .niaximiiiii 'iiiO¥©iBeiil , xvas,, 
measurecl ' hj : the microscope ixiicrometer., .. . .^ Tlie following 
results were obtained with, four . different .specimens,. 


TABLE xxril. — SHOWING THE mikTlYK INrENSrTIKS OF KESPOXSB.S 0F IHK 
UPPFIl AND XTXDEE SIDE OF TEXOIUL 


Moveiuent induced by 
stinuiiatioo of under 
side, A. 

Movement induced by 
stimuiatioii of upper 
side, B. 

Ratio . 

A 

. 

! (1) H5 divisions ... 

i4 divisions ... 1 

1/6 1 

; (2) 106 

15 .. „■ ; 

'/< 1 

1 (3) 60 

8 „ ... : 

1/7 

(4) ao 

10 

1/8 ! 


It will thus be seen that the upper side of the tendril 
is not totally inexcitalde, its power of contraction being 
about one-seventh that of the imder side. 


' 'NEGATIVE CURVATURE OF TH'K TEN'BRIL. , 

I shall now describe certain remarkable results \vhich 
show that under certain definite conditions the tendril 
moves away from the stimulated side. I have explained, 
how in growing organs the effect of unilateral sfeiiniilus 
longitudinally transmitted, induces an expansion higher up 
on the same side to which the stimulus is applied, re- 
sulting in convexity and movement away from the stimuias. 
(cf. Laws of Tropic Curvatures, p. 286). As the reaction of 
tendril is in no way different from that of growing 
organs in general, it occurred to me that it would be 
possible to induce? hi it a negative curvature by application 
of indirect umlateral stiuutlus. 
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Ea^perimeni tendril of Pamyiom was^^ h in 

a clamp, as in the diagram (Fig. 106) in. which the left 
is the more excitable side of the organ. The responsive 
movenient of the tendril is observed by focussing a read- 
iiig microscope on a mark on the upper part of the 
tendril. Direct mechanical stimulation at the dotted 
arrow makes the tendril move in the same direction, the 
response being positive* Bat if stimulus be applied on 
the same side below the clamp the tendril is found to 
move away from stimulus, the response being now 
negative. This reversal of response, as previously stated, 
is due to the fact that the transmitted effect of indirect 
stimulus induces an acceleration ot growth higher up on the 
same side, which now becomes convex. The result though 
unexpected, is in every way parallel to the response of the 
flower bud of Crinum, in which the normal positive res- 
ponse was converted into negative by changing the point 
of application of stimulus, so that it became indirect (p. 
216): 

SUMMARY. 

The response of tendril is in no way difierent from 
that of growing organs in general. 

Direct stimulus, electrical or mechanical, induces an inci- 
pient contraction ; the after-effect of a feeble stimulus is an 
acceleration of growth above the normal. Indirect stimulus 
induces an enhancement of the rate of growth* 

Under unilateral mechanical stimulus of short duration 
the directly excited proximal side undergoes contraction, 
the indirectly stimulated distal side exhibits the opposite 
effect of expansion. The induced curvature is thus due 
to the joint effects of the contraotion of one side, and the 
expansion of the opposite side. 
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Ab the af ter^elf ect of ^ direct stimulas Is an acceleration of 
growth above the normal^ the stimulated Bide undergoes an 
expansion, b j which the . recovery is hastenetl* 

Unilateral application of direct stimulus induces a pom- 
tive curvature,; but, , the same stimiihis applied at a 
distance from .the .responding region Imlucas a mgai,ive 
curvature, 

' The ..tendril of Passijlora is excitable both on the upper 
and under sides ;■ .the excitability of the under side is 
about seven times greater than that of the upper side* 

Stimuiation of one side of the tendril induces an ex- 
pansion of the opposite side, even in cases where the con- 
tractility of the stimulated side is feeble. 

The response to stimulation of the more excitable side 
of the tendril is thus inhibited by the stimulation of the 
opposite side. This is because of the neutralisation of the 
ejffiect of direct by that of indirect stimuiation. 


XXVn.— ON GALVANOTROPISM 


By 

Sir J. C. Bose, 

Assisted by 

GUEUPEASAHlsrA BaS. 

Before describing the effect of unilateral application 
of an electrical current in inducing tropic curyature, I 
shall give an account of the polar effect of anode and 
cathode on the pulvinated and growing organs. In my 
previous work* on the action of electrical current on 
sensitive pulvini I have shown that 

(1) at the ‘make’ of a current of moderate intensity 
a contraction takes place at the cathode ; the 
anode induces no such contractile effect ; 

(2) at the ‘make’ of a stronger current both the 
anode and cathode induce contraction. 

I have also carried out further investigations bn the 
polar effect of current on the autonomous activity of the 
leaflet of Demnoiium gyram. These rhythmic pulsations 
can be recorded by my Oscillating Recorder. Each pulsa- 
tion consists of a sudden contractile movement downwards, 
corresponding to the systole of a beating heart, and a 
slower up movement of diastolic expansion. : Application of 

^“Irritability of Hants.*’ p. 212. 
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cathode at the pulvlHule was ^ found to exert a mntractilfi 
reaction, exhibited :6ither by the Tednction of norinai limit 
of diastolic . expansioB, or by ' an arrest of movement at 
systole. The effect of anode was . precisely the opposite ; 
the induced ex-pansion was exhibited either by rednction 
:of, norma! limit of systolic . contraction, or, by, arrest of 
pulsation at diastole. 

From- the above results, it is seen that with a feeble 
.current : , ' 

(1) contraction is induced at the cathode, and 

(2) expansion is brought about at the anode. 

These effects take place under the action- of a feeble 
current. Under strong currents, contraction takes place 
both at. the anode and the cathode. 


FOLAR EFFECT OF ELECTBICAL O0RREKT ON GROWTH. 

The object of this investigation was to determine 
whether anode and cathode exerted similar discriminative 
and opposite effects on growth. For this experiment I 
took a specimen of and determined the region 

where growth was maximum. A piece of moist cloth w^as 
wrapped round this region tp serve as one of the two 
electrodes. The second electrode was placed in the 
neighbouring indifferent region where there had been a 
cessation of growth. 

Effect of Cathode: Experiment Hi.— The particular 
specimen of Kysoor had a normal rate of growth of 
048 /X per second. On application of the cathode the rate 
was reduced to 0-14 /x per second, or to less than a third. 
This will be seen in record (Fig. 107), where N is the 


normal rate of ' • growthi/ , ,and^ ■• K, retarded rate, .iiader the 
action of the cathode, ' '^ ■ ' 



Fig. 107 Fig. 308. 

Fm. 107.— lietardation of rate of growth under the action of cathode (Kysocr), 
Fig. 108. — Acceleration of rate of growth under anode {Ki/soor). 


Effect of anode : Experiment 112.-- It the cathode in- 
daced a retardation, the anode might be ext>ected to induce 
an acceleration of growth. But in my first experiment 
on the action of anode, I could detect no perceptible 
variation of rate of growth. In trying to account for this 
failure, I found that the specimen employed for the experi- 
ment had normally a very rapid rate of growth. It 
appeared that an induced acceleration would be brought 
out more conspicuously by choosing a specimen in which 
the growth-rate was low,; rather .than in' one in; 'Which' it 
was near its maximum. Acting oh this idea, I took 
another specimen of in which the normal 

as slow as O’lO p per second. On applying the anode 
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to the growing region, there was an enhancement to one 
and half times the normal rate (Pig. 108). 


TABLE ; XS?I11.— BFFBCT OF ANODfi AMO CATHODE ON liBOWTH 

{KifBoor), 


■■'SpecimeB A 

Normal rate 

Acceleration n nder anode 

0*10 /i per sec. 

0*155 /X per sec. 

- 

Specimen B 

Normal rate ■ ... ' 

Retardation under cathode 

1 

0 48 p per sec. 

0*14 /x per sec. 


The effects giyen above taka place onder the action 
of a feeble current. Strong current on the other hand 
induces a retardation or an arrest of growth, 

I have in the above experiments demonstrated the 
normal effect of anode in inducing expansion and accelera- 
tion of rate of growth ; the cathode was shown to induce 
contraction and retardation of growth. Unilateral applica- 
tion of anode and cathode thus induces appropriate curva- 
tures in puivinated and in growing organs. 

■SCTMMAEY. 

The effects of an electric current on growth is modi- 
fied by the direction of current. A feeble anodic current 
enhances the rate of growth ; a cathodic current on the 
other hand induces a retardation of the rate. Strong cur- 
rentj both anodic and cathodic, induces a retardation. 


XXYIIL— OH THERM0HAB1?1G f HEN oMIN A ^ - 

■ By ■ 

Sm J. C. Bose, 

Asnsted hy 

^ Suebhdra Chandra Das. 

In describing thermonastic curvatures Pfeffer says that 
“a special power of thermonastic response has been 
developed by various flowers, in which low temperatures 
produce closing movements, and high temperatures, open- 
ing ones. The flowers of Crocus vermis and Crocus luteus 
are specially responsive, as also those of Ttilipa Gesner-- 
iana for these flowers perceptibly respond to a change of 
tepmerature of half a degree centigrade. 

We have hitherto studied the response of various organs 
to stimulus ; we have now to deal with the effect of 
thermal variation. Does rise of temperature act like other 
forms of stimuli or is its action different? We have 
therefore to find : 

(1) The physiological effect of variation of temperature. 

(2) Whether thermonastic irritability is confined only 

to certain classes of organs, or is it a pheno- 
menon of very wide occurrence ? 

(3) Whether variation of temperature induces in aniso- 

tropic organs only one type of response, or two 
types, positive and negative. 

* Voh ni, p. 112. 
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(4)' 1%6 ' kw' which' the directioa of respon- 

sive movement. ' 


EFI*BCTOF EIBE OF TEMPEBAT0RK. 

As regards the effect of rise of temperatnre we have 
seen that,' within normal limits, it - induces expansion and 
acceleration of the rate' of growth. Btimnins, on the other 
hand, induces - precisely ■ the opposite effect Hence the 
physiologicar reaction of' steady rise of temperature is. 

generally speaking, antagonistic to that of stimulus. This 
conclnsion is supported by numerous experiments which I 
have carried out with various plant organs. Example of 
this will be found in the present and subsequent chapters. 

DIFFERENT THBEMOHASO?1C OEGANH. 

The only condition requisite for the exhibition of 

response is the differential excitability of an anisotropic 
organ. It is therefore likely to be exhibited by a large 
variety of plant organs, such as pulvini, petioles, leaves, and 
flowers, and my results show that this is actually the case. 
This particular sensibility, moreover, is not confined to 
delicate structures, but is extended to rigid trees and their 
branches. 

Before proceeding farther, it is necessary to draw 

at.tention to the confusion which arises from the use 
of the common prefix ‘ thermo ’ in thermonasiy and 
thermo-tropism. With regard to this Pfeffer says It 

is not known whether radiated and conducted heat 
exercise a similar thermotropic reaction. I shall show 
that the reactions to radiant heat, and to conducted heat 


Tol in, p. 177. 
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(rise 'of - temper'atute), "of ."opposite character, .^:5"a<iiafeion 
indueing contraction, and rise of temperature, expansion. 
It is therefore advisable to distinguish the thermal, or 
temperature eifect, from the radio-thermal effect of infra- 
red radiation.': ■ ' ' 

TWO TYPES OF RESPONSE. 

A.S regards the eff'ect of variation of temperature I 
shall proceed to show that there are two distinct types, 
which I shall, for convenience, distinguish as the Positive 
and Negative, 

Positive thermonastic reaction is exhibited by organs iii 
which the upper^ half is the more excitable. Response to 
rise of temperature is hy downward or outward move- 
ment. In floral organs this finds expression by a move- 
ment of opening. In illustration of this may be cited the 
examples of the well known Groms and also of Zephy- 
ranthes. 

Negative thermonastic movement is shown by organs in 
which the lower half is the moi*e excitable. Here the 
response to rise of temperature is by an upward ov inward- 
movement. I shall show that an example of this is 
famished by the flower of Ngmplma which closes under 
rise, and opens during fall of temperature. 

POSITIVE THERMOKASTIC RESPONSE, 

Besponse qf Zephy ranthes 5 Bxperimen t 1 1 s,~Y iewed 
from the top, the inner side of the petal of a flower is 
the upper side. The Crocus flower under vise of temper- 
ature opens outwards by expansion of the inner side, which 
must be the more excitable, Ab Oroetis was not available 
in Calcutta, I found the flower of Zephyr anthes (some- 
times called the Indian Crocus) reacting to variation of 
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temperature in a manner similar to that o£ Crocus, that is 
to say, the flower opens nnder rise and closes with a fall 
of temperature. For obtaining record all the perianth 
segments, but one was removed. This segment vras attached 
to the recording lever. On lowering of temperature through 
o°0. there was an up-movement, or a movement of closure* 


Fig. 109 - 'Thermonaatic aad radionastic responses of petal of Xephyranihes 
C, closing movement due to cooling, and H, opening movement due to warming. 
U, closing movement due to heat-radiation. Note opposite responses to rise of 
temperature and to thermal radiation. 

Rise of temperature induced, on the other hand, a movement 
of opening. 

Effect of thermal radiation : Experiment 114 . — I stated 
that the effect of thermal radiation acts as a stimulus, 
inducing a reaction which is antagonistic to that of rise 
of temperature. In verification of this, I subjected the 
specimen to the action of infra-red radiation acting from 
all sides. The result is seen in the responsive movement 
of closure (Fig. 109 B). These experiments demonstrate 
clearly that the responses to rise of temperature and 
thermal radiation are of opposite signs. 

As a movement of closure was induced by the diffuse 
stimulus of thermal radiation, it is evident that this must 
have been brought about by the greater contraction of the 




during the day, and open at night. I find that the 
perianth leaves of this flower are markedly sensitive to 


inner half of the perianth ; hence the inner half of the 
organ is relatively the more excitable. 

NEGATIVE THERMOltASTIC BHSPOirSE. 

Eesponse of Nymphtea : Experiment JJ5.— Many of the 
Indian Nymphceaceoe have their sepals and petals closed 


Fie. no.— The Tbermonastio Recorder. T, metalHo thermometer attached to 
the short arm of the upper lever; the specimen oi NumpTiaa, N, has one of its 
perianth leaves attached to the short arm of the second lever by a thread. C? 
clockwork for oscillation of the plate. 


THERMONASITIC PHEHOMB'N'A 
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va-riatioii of temperiatare. The : TheiriiiOEasMc Recorder em- 
ployed in this invesiigatioE ■■1s' showa ia figure 110. The 
record given in figure 111 -shows that the perianth seg- 
ment, subjected to a few ' -degrees* rise of temperature, 
responded by an ap-movament of closnre, due to greater 
expansion of., the outer, half.- ■ -The latent period, was 6.. 
seconds, and the maximnm effect was attained In the 
further course of 21 seconds. This experiment shows that 
the thermonastic response of this flower is of the negative 
-type. . ■ ■ 

Effect of stimulus: Ejsperinwnt iid.— In the positive 
type of thermonastic organs, where rise of temperature 
indneed a movement of opening, stimulus induced the oppo- 
site movement of olostire (Bxpt. 111). We shall now study 
the effect of stimulus on th? movement of NymphcBa^ 
which undergoes closure during rise of temperature, as seen 


Pig. 111.— Negative thermonastic response of Nymplma, Application of 
warmth at the vertical mark induced ap-^ovement of closurej but stimulus of 
electric shock at arrovr induced rapid excitatory down movement of opening. 
Successive dots at intervals of a second. 

in the first part of the record in figure 111.. Stimulus of 
electric shock was applied at the point marked with an 
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■ . ' ' '■ '■■ 

arrow the ' response, is seen to- he by ■ a , moveinent of 
opening. Here also we fnd the effects of rise of temper- 
ature and of stlmnins to be antagonistic to each other. 
This will be clearly seen in the following tabular state- 
ment. ' , 


TABLE XXIX. — SHOWING THE EFFECT OF RISE OF TEMPERATURE AND 
OF STIMULUS ON THBRMONABTIC ORGANS. 


Specimen. 

, 

Effect of rise of temperature. 

Effect of stimu- 
lus. 

Zephymiiihm 

Movement of opening 

Movement of 

(positive type). 


1 closure. ■ 

1 

Nymphcea (nega- 

Movement of closure 

Movement of 

tive type). 


opening. 


In Ny7n2Jhcea it is the outer side of the perianth that 
is relatively the more excitable since diffuse electric 
stimulus induces a movement of opening due to the 
greater contraction of the outer side. It is by the greater 
expansion of this more excitable side that the movement 
of closure is effected during rise of temperature. 

From the results of experiments given above wo arrive 
at the following 

LAW OF THBRMOXASTIC REACTION 

RISE OF TEMPERATURE IR-DUeES ' A GREATER EXPANSION 
OF THE MORE EXCITABLE HALF OF' AN, ANISOTROPIC ORGAN. 

SUMMARY. 

Thermonastic movements are induced by the differen- 
ual physiological effect of variation of temperature on the 
two halves of an anisotropic organ. 


25 
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Rise of temperature induces greater expaiistoii^ and 
enhancement of rate of growth of the more excitable half 
of the organ ; lowering of temperature induces the oppo- 
site effect . 

Two types of therinonastic movemenis are met with, 
the posiiim exhibiting a movement of opening during rise 
of temperature ; In these the inner half of the organ is 
relatively the more excitable. Example of this is seen in 
the Oroem and' in Zephyrantlm, 

In the negative type, rise of temperature induces a 
movement of closure. Here the outer half of the organ 
is the more excitable. The flower of Ngmphma belongs 
to this type. 

The effect of stimulus is antagonistic to that of rise 
of temperature. In positive thermonastic organs stimulus 
induces a movement of closure ; in the negative type it 
induces a movement of opening. 


XXIX.— ON PHOTOTROPISM 


By 

Sir X 0. Bobe. 

In different organs of plants the stimulus of light in- 
duces movements of an extremely varied character. Radial 
organs exhibit tropic movements in which the position of 
equilibrium is definitely related to the direction of incident 
stimulus. Nastic movements under the action of light are, 
on the other hand, regarded as curvatures of the organ 
which show “no relation to the stimulus but is determined 
by the activity of the plant itself There are thus 
two classes of response to light which seem to be unrelat- 
ed to each other. Returning to the directive action of 
light, radial stems often bend towards the light, while 
certain roots bend away from it. It may be thought that 
this difference is due to specific difference of irritability 
between shoot and root, the irritability of the former being 
of a positive, and of the latter, of a negative character. 
But there are numerous exceptions to this generalisation. 
Certain roots bend towards the light, while a stem, under 
different circumstances, moves towards light or away from 
it. Again an identical organ may exhibit a positive or a 
negative curvature. Thus the leaflets oi Mimo$a pudica 
acted on by light from above fold upwards, the photo- 
tropic effect being positive. But the same leaflets acted on 
by light from below exhibit a folding upwards, the photo- 
tropic effect being now negative. Effects precisely the 
opposite are found with the leaflets of and 

:AverrJmtx^. They told downwards, whether ■ light acts from 

^ ^ 2b A ; 
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above 'or /below. '. Blaally, a radial organ is found to exhi- 
bit imder iight of increasing’ inten^^ or duration, a posi- 
tive, , a dia-phofotropio, or a negative pliototropic curvature. 

//'; IpL'v .these ■ circiimBtanceB the ■ theory of specific positive 
and ■■. negative, irritabilities is untenable; in any case, it 
,t>hrows ,. no , light ■on ■ . the , phenomenon of movement The 
difflculties of ■ the. problem are thus clearly stated by 
Pfeffe.r : “ When .we say that 'an organ curves towards a 
source of ilhimination, because of its hellotropic ■ irritability 
and we are simply expressing an. ascertained fact 'lii a 
conveniently ■ abbreviated form, without 'exp.!aining why 
such curvature is possible or how it is produced . . , . 
Many observers have unfortunately devoted their attention 
to artificially classifying the phenomenon observed, and 
have entirely neglected the explanation of causes under- 
lying thein.’”^ 

COMPLEXITY OF PROBLEM OF PHOTOTEOPIC EEACTION. 

The complexity of phototropic reaction arises from the 
siimmated ejffects of numerous factors ; for explanation of 
the resultant response it is therefore necessary to take 
full account of the individual effect of each of them. 

Among these operative factors in phototropic reaction 
may be mentioned 

(1) The difference of effects induced by light at the 

proximal and distal sides of the organ. 

(2) The modification of the latent period with the 

intensity of stimulus, 

(3) The after-effect of stimulus. 

(4) The modifying influence of tonic condition on 

response. 

(5) The effect of direction of light, 

^ n, p. 74 
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■ ,:(6) The effect ■ of intensitj of light. 

(7) The effect of duration of stimulation. 

(<S) The transmitted effect of light. 

(9) The effect of unequal excitability in different 

zones of the organ. 

(10) The effect of transverse conduction in modifica- 

tion of the sign of response. 

(11) The effect of temperature on phototropic action. 

(12) The modifi^cation of response due to differential 

excitability of the organ. 

(13) Nastic and tropic reactions. 

(14) The torsional effect of light. 

The sketch given above will give us some idea of the 
complexity of the problem. In this and in the following 
papers I shall describe the investigations I have carried 
out on the subjects detailed above. 


ACTIOK OF LIGHT. 

I have shown that there is no essential difference 
between the responses of pulvinated and growing organs, 
that diminution of turgor induced by stimulus brings 
about contraction in the one, and retardation of the rate 
of growth in the other. Indirect stimulation, on the other 
hand, induces an expansion and acceleration of the rate of 
growth. The experimental investigation on the tropic effect 
of light may therefore be carried out both with pulvinated 
and growing organs. 

As regards the effect of direct Btinialus of light on 
growing organs we found (p. 208) that it induces an in- 
cipient contraction, seen in diminution of the rate of growth ; 
this incipient contraction culminates in an actual contrac- 
tion under increasing intensity of light. The contraction 
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of the bean plant. The source of illumination was 32 c.p. 
electric lamp, enclosed in a metallic tube with circular 



P’rG. 112.— Successive positive responses of the terminal leaflet of bean. Light 
applied from above for 20 seconds ; complete recovery in 8 minutes. 

aperture for passage of light. The leaflet was attaclied to 
an Oscillating Recorder. Light was applied on the upper 
half of the pnlviniis for 20 seconds; this induced an up- 
movement of the leaflet, due to the contraction of the 
upper half of the organ. Recovery took place in course 
of 8 minutes (Fig. 112). 


POSITIVE PHOTOTROPIC CURVATURE OB' GROWraG 
ORGANS. 

Effect of moderate stimulation : Experiment I shall 

presently show that the intensity of phototropic reaction 
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aepends on the lateBsity and durEtion of the incident 
light. A moderate and effective stlmnlation may thus be 
prodnced by ,■ short exposure -to strong , light. For my 


Fm. m. Fig. 114. 

Fig. UB. — Positive ciirvatui’e under moderate phototropic stimulation, Kote 
complete recovery (Dretjea). 

Fig. lU. — Persistent positive curvature under stronger stimulation {Dreffm)^ 


present experiment I took a stem of Bregea volubilis-, and 
applied light from a small arc lamp to one side of the 
organ for 1 minute ; this induced a positive curvature 
followed by complete recovery on the cessation of light 
(Fig. 113). 

Effect of strong stimuHtion : Experiment 119. — After 
recovery of the stem of the last experiment, the same 
light was applied for 5 minutes. It is seen that the 
curvature is greatly increased (Fig. 114). Tims the photo- 
tropic curvature increases, within limits, with the duration 
of stimulation. The curvature induced under stronger 
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stimiilation remained more or less persistent. In certain 
mstances there was a partial recovery after a considerable 
length of time ; in others curvature was fixed by growth. 

PHBKOMEFON OP RECOVERY. 

On the cessatioh of stimulus of moderate intensity the 
heiiotropically curved organ straightens itself ; similar 
effects are also found in other tropic curvatures. Thus 
a tendril straightens itself after curvature induced by con- 
tact of short duration. The theory of rectipitality has 
been proposed to account for the recovery, w’-hich assumes 
the action of an unknown regulating power by which the 
organ is brought back to a straight line ; but beyond 
the assumption of an unknown specific power, the 
theory affords no explanation of the mechanism by 
which this is brought about. 

The problem before us is to find out the means by 
which the organ straightens itself after brief stimulation* 
It will also be necessary to find out why there is no 
recovery after prolonged stimulation. We have "thus to 
investigate the after-effect of stimulus of various intensities 
on growth, and the Balanced Method of recording Growth 
offers us an unique opportunity of studying the character- 
istic after-efi'ects. 

IMMEDIATE AND APTER-EPPECT OP EIGHT ON GROWTH. 

As regards the effect of light I have already shown : 

(1) that a sub-minimal stimulns induces an accelera- 

tion of growth, but under long continued 
action the acceleration is converted into 
normal retardation (p. 225), 

(2) that a stimulus of moderate intensity induces the 

normal retardation of the rate of growth. 
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It is evident that there is a critical intensity of stima- 
lus, above which there is a retardation, and below which 
there is the opposite reaction of acceleration. This criti- 
cal intensity, I have found to be low in vigorous speci- 
mens, and high in sub-tonic specimens. Thus the same 
intensity of stimulus may induce a retardation of growth in 
specimens the tonic condition of which is ahoc 9 par, and 
an acceleration in others, in which it is below pur. The 
following experiments will demonstrate the immediate and 
after-effect of light of increasing intensity and duration. 

Effect of light of moderate intensity : Experiment 120, 

The source of light was a small arc lamp placed at a 
distance of 50 cm., the intensity of incident light was 
increased or decreased by bringing the source of light nearer 


““ growth, (a) shows 

followed bv to be a transitory acceleration (down-curve) 

followed by retardation (up-ourve). The after-effect on cessation of light is an 

af.ei -effect of stronger light; immediate effect, a retardation ; after-effect, recovery 
to normal rate without acceleration, ^ 

or further away from the plant. Two inclined mirrors 
were placed behind the plant so that the specimen was 
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acted on by light from ali sides. A seedling of wheat 
was mounted on the Balanced Crescograph, and record 
was first taken under exact balance ; this gives a hori- 
zontal record. The up-curve represents retardation, and 
down-curve acceleration of rate of growth. The source 
of light was at first placed at a distance of 50 cm. 
from the plant, and exposure was given for 4 minutes 
at the point marked with an arrow (Fig. 115a). We 
shall find in the next chapter that the intensity of 
phototropic effect is proportional to the quantity of incident 
light. This quantity at the beginning proved to be sub- 
minimal, and hence there was an acceleration at the 
beginning. Continued action induced the normal effect of 
retardation, as seen in the subsequent resulting up-curve. On 
the cessation of light, the balance was upset in an oppo- 
site direction, the resulting down-curve showing an accelera- 
tion of the rate of growth above the normal. This acce- 
leration persisted for a time, after which the normal rate 
of growth was restored, as seen in the curve becoming 
once more horizontal. The after-effect of light of moderate 
intensity is thus a te^npora^^y acceleration of rate of 
growth above the normaL 

Effect of strong light : Experiment 121 — same speci- 
men was used as in the Last experiment. By bringing 
the source of light to a distance of 25 cm. the inten- 
sity of light was increased fourfold ; the duration of 
exposure was kept the same as before. The record (Fig. 
115b) shows that a retardation of rate of growth occurred 
from the very beginning without the preliminary accelera- 
tion. This is for two reasons : (1) the increased intensity 
was now above the critical minimum, and (2) the tone 
of the organ had become improved by previous stimu- 
lation. On the cessation of light, the after-effect showed 
no enhancement of rate of growth, the recovery from re- 
tardation to the normal rate being gradual. In the ne-xt 
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experimeat. '(tlie resiilt' ,of whicli: is Bot given/ in felie record),,,, 
the iiiteBsity, :of light was -mcreased still' farther • the 
FetarciatioB now . hecame very marked,' anil - it persisted fo,r 
a , ,lo!ig,; 'time, ,eveB on the cessation of light.' 

We .thnsVfiBd that : 

,; ,(1) The immediate e.ffect' of light of 'moderate 
intensity, is a preliminary acceleration, followed 
by normal retardation. The aeceieration. Is' the 
eifect of sub-minimal stimulation. The imme- 
diate after-effect is an acceleration above the 
normal. 

(2) The immediate effect of strong light Is a retardation 

from the beginning; the immediate after-effect 
shows no acceleration, the growth rate being 
gradually restored to the normal. 

(3) Under very strong light the induced retardation 

is very great, and this persists for a long time 
even on the removaT of light. 

The experiments described explains the reasons of com- 
plete recovery after moderate stimulation, and also the 
absence of recovery after strong stimulation. The imme- 
diate after-effect of moderate stimulation is shown to be 
an acceleration of rate above the normal. Returning to 
tropic curvature, the contraction at the proximal side 
induced by unilateral light is thus compensated by, the 
accelerated rate of growth on the cessation of light. There 
is no such compensation in the case of strong and long 
continued action of light; for the after-effect of strong 
light shows no such acceleration as the immediate after- 
effect. 

We may perhaps go a step further in explaining this 
difference. Stimulus was found to induce at the same 
time two physico-chemical reactions of opposite signs (p. 144). 
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Oiie is :tlie' ‘ up ’ or A-change, associated with increase 
of potential energy of the system, and the other is asso» 
elated with ^down * or D-change, by which there is a 
run-down or depletion of energy. With moderate stimula- 
tion the A-and-D effects are more or less comparable to 
each other. But under strong stimulation the down-change 
is relatively greater. Hence on cessation of moderate 
stimulation the increase of potential energy, associated with 
A-chaiige, finds expression in enhancement of the^ rate of 
growth. The depletion of energy under strong stimuia- 
* tion is, however, too great to be compensated by the 
A-change. 

LATENT PERIOD OF PHOTOTROPIC REACTION. 

With reference to the latent period Jost thus summa- 
rizes the known results :* “The latent period of the helio- 
tropic stimulus has already been determined. According to 
Czapek it amounts to 7 minutes in the cotyledons of 
Avena and in Phycomyces ; 10 minutes in hypocotyls of 
Sinapis alba and Beta vulgaris^ 20 minutes in the hypo- 
cotyl of Meliantlms^ 50 minutes in the epicotyi of 

Phaseolus. If one of these organs be unilaterally illumi- 
nated for the specified time, heliotropic curvature ensues 
afterwards in the dark, that is to say, we meet with an 
after-effect in this case as in geotropism. We are quite 
Ignorant, however, as to whether and how the latent 
period is dependent on the intensity of light.” 

With regard to the question of relation of the latent 
period to the intensity of stimulus I have shown (p. 166) 
that the latent period is shortened under increasing intensity 
of stimulus. In the case of tropic curvature induced by 
light, I find that the latent period is reduced under 

* Jost— 


m 


MfB MOVBMKOTS IN PLAHTS 


increasing Via tensity , of light. The^ shortest ■ latent period 
foond by Czapek, 'as stated before, was 7 . minutes, ■ Bat , by 
employing high magnification for ' record, ■ I find that the 
latent"' period of phototropic action under stro,Eg light to be 
a question of seconds.. 

Determination of the latent i^erioAz Bmperiment ' 122.~l 
give a record of response (Fig. 116) of the terminal leaflet 
of Erytlirina inidca to light acting from above. The 
recording plate was made to move at a fast rate, the 



Fi«, 110.— Lateiic period for photic stimalatlon at vertical line. Sacoeaaive dota at 
intervals of 2 seconds. {Erythrim indka). 

successive dots being at intervals of 2 seconds. The latent 
period in this case is seen to be 35 secontls. By the 
employment of stronger light I have obtamed latent period 
which is very much shorter. 

The term latent period is used in two different sense. 
It may mean the interval between the application of 
stimulus, and the initiation of response. In the experi- 
ment described above, the latent period is to be understood 
ill this sense. But in the extract given above, Jost uses 
the term latent period as the shortest period of exposure 
necessary to induce phototropic reaction as an after-effect. 
What then is the shortest exposure that will induce a 
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retardation of growth'? For this., mvestigation I' employed 
the very sensitive method of the Balanced Crescograph. 

GEOWTH-VABIATION BY FLASH OP LIGHT FROM A 
SINGLE SPARK. 

Experiment 12 S . — I stated that the more intense is the 
light, the shorter is the latent period. The duration of a 
single spark discharge from a Leyden jar is almost 
instantaneous, the duration of discharge being of the order of 
700^ th of a second. The single discharge was made to 
take place between two small steel spheres, the light 
given out by the spark being rich in effective ultra -vioiet 
rays. The plant used for the experiment was a seedling 
of wheat. It was mounted on the Balanced Grescograph, 
and its normal growth was exactly compensated as seen 



if iG. 117.— Effect of a single electric spark on variation of growth. Record taken 
by Balanced Crescograph. Up-curve shows induced retardation of growth; the after- 
effect is an acceleration (down-curve) followed by restoration to normai. 

in the first part of the record. The spark gap was 

placed at a distance of 10 cm. from the plant ; there 
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was the usual , armiigemeut. -of 'Incliued .miTrors .for lilii- 
miBatioia of ,'the: 'plani. The flash' of light: . from: a single 
spark is , seen: to induce a sudden r etar elation of , rate of 
growth -which lasted ■ for one and ' half minutes. .The 
record (Fig. , .117) shows .another interesting 'peculiarity of 
acceieratio,!! , as an after-effect of inode,rate stimiiiation. 
After the retardation which lasted, for 90 secondSi there 
, is , acceleration of growth above the normal, which 
'■persisted for. 6 minutes, after which the rate of growth 
returned to the norma L 

In order to show that the induced variation is due to 
the action of light and not to any other disturbance, 
I interposed a sheet of ebonite between the spark-gap and 
the plant. The production of spark produced no effect, 
but the removal of the ebonite screen was at once 
followed by the characteristic response, 

, MAXIMUM POSITIVE CURVATUEE UNDER CONTI'NUBD 
ACTION OF IilOHT, 

The positive curvature is, as we have seen, due to the 
contraction of the proximal side and expansion of the 
distal side. The* curvature will increase %vith growing 
contraction of the proximal side; a maximum curvature 
is however reached since: 

(1) the contraction of the cells must have a limit, 

(2) the bending organ offers increasing resistance to 

curvature, and 

(3) the induced curvature tends to place the organ 

parallel to the direction of light when the 
tropic effect is reduced to a minimum. 

The pulvinus of Erythrina exemplifies the type of 
reaction in which the positive curvature reaches a maxi- 
mum, (see below Fig, 132) beyond which there is no further 
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ohaiige. This is due to absence ■ of transverse conductivity 
in the; organ. The modifying effect of transverse conducti- 
vity on response will be dealt ' with in the next chapter* 

SUMMART. 

The positive phototropic curvature is brought about by 
the Joint effects of the directly stimulated proximal, and 
indirectly stimulated distal side. 

The phototropicaily curved organ undergoes recovery 
after brief stimulation. 

The recovery after moderate stimulation is hastened by 
the previously stimulated side exhibiting an acceleration of 
the rate of growth above the normal. The after-effects 
of photic and mechanical stimulation are similar. 

The latent period of photic reaction is shortened with 
the increasing intensity of light. The seedling of wheat 
responds to a flash of light from an electric spark, the 
duration of which is about a hundred thousandth part of 
a second. I 

Tissues in which the power of transverse conduction 
is negligible, the positive phototropic curvature under 
continued action of light attains a maximum without 
subsequent neutralisation or reversal. 




XXX. -DIA-PHOTOTROFIBM AND NB]GATIVE 

PHOTOTROPISM 

Bi/ 

Sir J. C. Bobe, 

Assisied by 

Gurupraba-nisa Dab. 

I have explained how under the action of unilateral 
light the positive curvature attains a maximum. There 
are, however, cases where under the continued action of 
strong light the tropic movement undergoes a reversal. 
Thus to quote Jost : “Each organism may be found in 
one of the three different conditions determined by the 
light Intensity, vis. (1) a condition of positive heliotropism, 
(2) a condition of indifference, (o) a condition of nega- 
tive heliotropism ’*"**'. No explanation has however been 
offered as to why the same organ should exhibit at 
different times, a positive, a neutral, and a negative irrita- 
bility. These changing effects exhibited by an identicai 
organ is thus incompatible with the theory of specific 
sensibility, assumed in explanation of characteristic differ- 
ences in phototropic response. 

In regard to this I would draw attention to an 
important factor which modifies the tropic response, namely, 
the effect of transverse conduction of excitation. I shall 
presently describe in detail a typical experiment of the 

Jost— p, 462. 
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effect of iiiiilaterai' stimu^ light- on the, responsive 

movemeBt of mam pulviims of ' Mimosa pudica. The 
results will be fouad of much theoretical interest, since a 
single experiment will give an insight to all possible types 
of phototropic response. Before describing the experiment 
I shall demonstrate the tropic reactions of the two halves 
of the pulviniis of Mimom, . 


UNHQUAL EXGITABILITY OF UPPER AND LOWER HAhVES OF 
PULVINUS TO PHOTIC STIMULATION. 

I have by method of selective amputation shown that 
as regards electric stimulation the excitability of the upper 
half of the pnlvinus is very much less than that of the 
lower half (p. 85), I have obtained similar results with 
photic stimulation. 

Tropic effect of light acting from above : Experimeiiit 
124. — Light of moderate intensity from an incandescent 
electric lamp was applied on the upper half of the pul- 
vinus of Mimosa for 4 minutes *, this induced a contraction 
of the stimulated upper half and gave rise to an up oi’ 
erectile response. On the stoppage of light recovery took 
place in the course of ten minutes. The phototropic 
curvature is thus seen to be positive. A series of such 
positive responses of the upper half of the pulvinus is 
given , in figure , 118.' „ 

Effect of light acting from below: Experiment 125 . — 
Light was now applied from below ; this also induced a 
contraction of the lower half of the pulvinus, causing a 
down-movement (Fig. 119). As the responsive movement is 
towards light, the phototropic effect must be regarded as 
positive. The greater excitability of the lower half of the 

26 a 


-330 LIFE MOYBMIHTO XH FLAKTS 


piilviniis is shown by 'the' fact that' ' the response "of the 
lower, 'half.'Of 4he '.pulvinns' to ten seconds’ exposure"' ' is' 



Fig. 118. Fig. 119. 


Fig. 118.— Series of up-responses of 3ximom leaf to liglit applied on upper 
half of pulvinus. 

Fig. 119.— Down-responses given by the same plant on application of light 
from, below, 

eTen larger than that given by the upper half under the 
prolonged exposure of 240 seconds. 

TEANSFORMATION OF POSITIVE TO NEGATIVE PHOTO- 
TROPIC CURVATURE. 

Experiment 126 , — A beam of light from a small arc 
lamp was thrown on the upper half of the pulvinus. 
After a latent period of 5 seconds, a positive curvature 
was initiated, by the contraction of the upper and expan- 
sion of the lower side of the organ. But under continued 
action of light, the excitatory impulse reached the lower 
half of the organ, causing a rapid fall of the leaf, 
and a negative curvature. The arrival of transmitted excita- 
tion at the more excitable distal half of the organ is 
clearly demonstrated by the very rapid down-movement, 
seen as the up-curve in the record (Fig. 120). In sensitive 
specimens this movement is so abrupt and rapid, that the 
writing lever is jerked off above the recording plate 
before making a dot on it/ The thickness of the 
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puivinus was 1*5 ratn., the distance which the excitatory 
impulse has to traverse to reach the lower half would thus 
be about 0“75 mm. The period for transverse transmission 
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Fio, 120.— Eecorcl of effect, of continuous application of light on upper half 
of puivinus of Mimosa leaf, erectile response (positive curvature) 

followed by neutralisation and pronounced reversal into negative due to trans- 
verse conduction of excitation. Up-movement shown by down curve, and ince 
versd; 

of excitation under strong light was found to vary in 
different cases from 50 to 80 seconds. The velocity of 
transmission of excitation in a transverse direction through 
the puivinus is about O’Oll mm. per second, which is 
not very different from 0*010 mm. per second in the stem 
(p, 282). 

Returning to the main experiment we find that : 

(1) As a result of unilateral action of light, there was 
positive phototropic curvature which lasted for 
50 seconds. 
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\ ;(2):'0wiBg 'to, ilie; ccmdnctioii of exeitatiOB tlie 

: positive effect iinderweBt'. neutralisaiioii by ' the 
excitatory contraction of the distal ' side. This 
nentrallsatlon depends on- fon^ factors: (a) on the 
^ , ^ intensity of the stimulus; (b) On .the ■conductivity ' 

, of the organ in a transverse direction, (c) on; the 
. thickness of the intervening tissue, and (£l) on the 
of the distal as compared to 
the proximal side. The extent of positive curva- 
ture also depends on the pliability of the organ. 

(3) In anisotropic organs where the distal side is 

physiologically the more excitable than the pro- 
ximal, the internally diffused excitation brings 
about a greater contraction of the distal, and the 
positive phototropic curvature becomes reversed 
to a very pronounced negative. The effect of 
the internally diffused stimulus is thus the same 
as that of external diffuse stimulns. 

(4) When the stimulus is applied on the more excitable 

half of the organ, the result is a predominant 
contraction of that half, which cannot be 
neutralised by the excitation conducted to the 
of the organ. As the curva- 
^ is towards the stimulus, the phototropic 

curvature thus remains positive, even uinder 
continued stimulation. 

The positive curvature is due to the differential action 
of unilateral stimulns on the proximal and distal sides. But 
when a strong light is made to act continuously on one side 
of an organ, the excitation becomes internally diffused, and 
the differential effect on the two sides is reduced in amount 
or vanishes altogether. Owing to' the weak transveise 
coiiduotivity of the tissue, while the effect of a feeble 
stimulus remains localued, that of a stronger stimulus is 
conducted across it. 
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OitmaiiDS,, found that the seedling of, Lepidium sativum 
assumed a transverse or dia-phototropic position under 
intense and long continued action of light of 600,000 Hef- 
* iier lamps. He regards this as the iiidiiferent position. 

! But the neutraiisatioii of curvature is not, as explained 

before, due to a condition of indifference, but to the anta- 
gonistic effects of the two opposite sides of the organ, the 
proximal being stimulated by the direct, and the distal 
by the transversely conducted excitation. I obtained such 
neutralisation with Dregea voluhilh the prolonged 

unilateral action of arc-light. The first effect was positive; 
this was gradually and continuously neutralised under ex- 
posure for two hours; even then the neutralisation was 
not complete. I shall presently adduce instances where the 
neutralisation was not merely complete, but the final effect 
was an actual reveisal into negative response. 

SUPPOSED PHOTOTBOPIC INBPPECTIVENISS OE SUNLIGHT. 

I may here consider the remarkable fact that has been 
observed, but for which no explanation has been forth- 
coming, that “direct sunlight is too bright to bring about 
heliotropic curvature, only diff'use, not direct sunlight has 
the power of inducing heliotropic movements.”*' But we 
cannot conceive of light suddenly losing its phototropic 
effect by an increase of mtensity. The experiment just 
described will offer full explanation for this apparent 
anomaly. Feeble or moderate stimulus remains, as we 
have seen, localised, hence the contraction of the proximal 
side gives rise to positive curvature. But the intense 
excitation caused by sunlight wmuld be transmitted 
to the distal side and thus bring about neutralisadon. 
It is the observation of the final result that has misled 
observers as to the inefficiency of direct sunlight. A 
continuous record of the response of the organ shows, on 

* Jost — Ihid — 'p. 464. 
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the /:o the? : hail d,^ the first effect of strong light., is a 

positive cnrvatiire, and that under its continuous action the ' 
positive effect becomes ■ neutralised , (cf. Fig. 121). ' In the 
■study of phototropic .action, ■ the employment .of strong 
'light ' has ; rnany .advantages, ■■ since .the period of. .experiment 
is, by this' means, materially shortened, - The continuous , 
record' then gives an ■ epitome of the various phases, of 
reaction. 

NEGATIVE PHOTOTROPISM. 

I shali next show the continuity of responsive photo- 
tropic effects, from the positive curvature to the negative, 
through the intermediate phase of nentralisation. I have 
in the preceding paragraph described an experiment where 
under a given intensity and duration of exposure the 
excitations of the proximal and distal sides bring about 
neutralisation, the organ assuming a dia-phototropic posi- 
tion, If the intensity or duration of the stimulating light 
be further increased, it is easy to see that while excitation 
transmitted to the distal side is being increased, the excita- 
tory contraction on the proximal side may, at the same 
time, be decreased owing to fatigue brought on by over- 
stimulation.' . ■ . . '. 

In connection with this it should be borne in mind 
that the puivinus of Mimosa exhibits under continuous 
stimulation, a fatigue relaxation instead of normal contrac- 
tion. Similar effects are known to take place in animal 
muscles. The effect of relatively greater excitation will thus 
give rise to negative photo tropic curvature. The transverse 
conductivity of organs of diverse plants will necessarily 
be different. The neutralisation and reversal into negative 
will thus depend on three factors; the transverse conducti- 
vity of the organ, the intensity, and duration of stimulus. 

Neutralimtion and reversal under increased intensity 
of light : Experiment 127. — It is advisable to employ thin 
specimens (in which the transverse distance is small) for 
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the exMMtion of' re¥ersai effect. I, took- a; hypocot3^i ■ of 
Sinapis nigru md subjected it to unilateral action of light 
from a 16 candle-power incandescent electric lamp placed 
at a distance of 10 cm. A maximum positive curvature 
was induced in the course of 50 minutes. The intensity of 
light was afterwards increased by bringing the lamp nearer 
to a distance of 6 cm. This resulted in a process of 
neutralisation of the preceding response ; after an exposure 
of 70 minutes the specimen assumed a dia-phototropic 
position in which it remained in equilibrium. Sunlight was 
next applied, and in the further course of 30 minutes there 
was a pronounced reversal into negative phototropic curvature. 

Neutralimtion and reversal under cant imicms stimula- 
tion: Eocperiment the 

last experiment the different 
changes in the response were 
brought about by successive 
increase in the intensity of 
light. In the present experi- 
ment, very strong light was 
applied from the beginning, 
and continuous record was 
taken of the change in the 
response. In order to reduce 
the period of ekperimeiit I 
employed a mercury vapour 
lamp which emits the most 
effective violet and ultra-violet 
rays* The specimen used 
was a seedhug of the rice 
plant {Orym mtiva). The 
first effect of light was a posi- 
li^rht from arc lamp. tive curvacure which attained 

its maximum ; after this there was a neutralisation in less 
than six minutes after the application of light. The further 



Fiu. 121. — Positive and negative 
phobotropic responses of Oryza under 
continued unilateral stimulus of intense 


coiitiniiatiott/ of : light a. proBOtinced negatlvB' cmr- 

vature^ (Fig. 121). 

. I.Bhall in the next chapter give other mstaiices wMch 
wlU show that' ail organs (piilYinatech and growing), possessed 
of power of transYerse conduction, exhibit a transfonnation 
of response' from positive to negative under continiieci action 
of strong light.. 

Thus an identical organ, under different conditions of 
intensity and duration of stimulus, exhibits .posiiim photo- 
tropic, rffa-phototropic, and negative phototropic curvatures, 
proving conclusively that the three effects are not due 
to three distinct irritabilities. The responsive movements 
are, on the other hand, traced to a fundamental excita- 
tory ^reaction, remaining either localised or increasingly 
transmitted to the distal side. 

NEGATIVE PHOTOTROPISM OP ROOTS. 

From the analogy of opposite responses of shoot and 
root to stimulus of gravity, it was surmised that the 
root would respond to light by a negative curvature. This 
was apparently confirmed by the negative phototropic 
curvature of the root of The supp'jsed analogy is 

however false ; for while the stimulus of gravity acts, in 
the case of root, only on a restricted area of the tip, 
the stimulus of light Is not necessarily restricted in the 
area of its action. That there is no true analogy be- 
tween the action of light and gravitation is seen from 
the fact that while gravitation induces in the root a 
movement opposite to that in the stem, in the case of 
light, this is not always so ; for though a few roots turn 
away from light, others move towards the light. 

As regards negative phototropic response of the root of 
Sinapis^ it will be shown (p. 376) to be brought about by 
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/ aigebraieai suniniation of. the effects of direct and indirect 

photic: .stimulus. ' . . 

f ■ ■ , ■■ ■ ■ ■ , ■ '■ " 

f SUMMARY.-' 

i: 

The normal positive phototropic curvature is modified by 
transverse conduction of true excitation to the distal side 
of the organ. 

The extent of neutralisation or reversal due to internal 
conduction of excitation from the proximal to the distal 
; side of the organ depends ; (a) on the intensity of the inci- 

dent stimulus, (b) on the conductivity of the organ in a 
i transverse direction, (c?) on the thickness of the intervening 

; tissue, and (d) on the relative excitability of the distal as 

j compared to the proximal side. 

" The dia-phototropic position is not one of indifl'erence, 

but of balanced antagonistic reactions of two opposite 
sides of the organ. 

The supposition that direct sunlight is phototropically 
ineffective is unfounded. The response is fully vigorous, but 
; the first positive curvature may in certain cases be neutra- 

lised by the transmission of excitation to the distal side. 

Under light of strong intensity and long duration, the 
transmitted excitation to the distal side neutralises, and 
finally reverses the positive into negative curvature. 

The ;^osftiVe;-phototropic, the &’a-phototropic, and the 
negative phototropic curvatures are not due to three distinct 
irritabilities but are brought about by a fundamental 
excitatory reaction remaining localised or Increasingly 
transmitted to the distal side. 


XXXL—THE RELATION BETWEEN THE QUANTITY OP 
LIGHT AND THE INDUCED PHOTOTROPIC 
OURYATURE 

By 

SiE J. 0. Bobej, 

Asdsted by 

SuRENDRA Chandra Dab, m.a. 

I SHALL in this chapter describe experiments in support 
of the important proposition that tlip intmsity of phototropic 
action is dependent on the quantity of incident UghL The 
proportionality of the tropic effect to the quantity of light 
will be found to hold good for the median range of stimu- 
lation ; the deviation from this proportionality at the two 
ends of the range of stimulation — the sub-minimal and supra- 
maximal— is, as we shall had, capable of explanation, and 
will be fully dealt with in the next chapter. 

The quantity of light incident on the responding organ 
depends: (1) on the intensity of light, (2) on the angle of 
inclination or the directive angtef and (3) on the duration 

The directive angle Q is the angle of inclination of the rays of light to 
the responding surface. The angle 0 is complementary to the angle of incidence i 
in optics. Sin 0 = Cos i. 
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of exposure. I shall give a detailed' account of the'' investi- 
gation relating to the . individual effects of each of these 
factors on the tropic reactions not merely in piilvinated but 
also in growing organs. 


EFFECT OF INCREASING INTENSITY OF LIGHT ON TROPIC 
CURVATURE. 

The intensity of light was increased in successive experi- 
ments, in arithmetical progression 1:2:3 by suitably dimi- 
nishing the distance between the plant and the source of 
light, and the resulting tropic curvatures recorded. 


Effect of increasing intensity of light on the pulvinm of 
Desmodium gyrans : Experiment The source of light 

was a 50 candle-power incandescent lamp, and the dura- 
tion of exposure was 1 minute. The specimen employed was 
a terminal leaflet Besmodium gyrans (Fig. 122) the 

pulvinus of which is very 
sensitive to light. It is more 
convenient to manipulate a 
cut specimen of the leaf, 
instead of the whole plant. 
The petiole is placed in 
water contained in a TJ-tube ; 
the depressing effect of wound 
passes off in the course of 

IfiG. 122— Leaf of hOur Or SO. Light of 

with the terminal lari^e, and two lateral . ... .. • i* j 

wiin i.iie teruii ^ mcreasing intensity is applied 

small leaflets. These latter exhibit 

automatic pulsations. from above ; this induces 

a contraction of the upper half of the pulvinus, and 
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lilie resulting response , is recorded by iiieans of the 
Oscillating . Recorder (Fig. 123). 



1 « . 1 23.— The Oscilh«fcing Recoirder ( From a photograph ) . 


Ihe first record was obtained under a given intensity, 
and the second, under an intensity twice as great. The 
tropic effects are seen to increase with the intensity 


OF LIGHf AHB MOTOOPBOPIO CUEVATIJRE Ml 

(lig» 124). If tho tropic oiirvafeure iEcroased proportion- 
ately to the intensity, the two responses should have been 


FlO. 124. FlU. 12o. 

Fig. 124.— Tropic o€eot of increasing^ intensity of light 1:2; on the response of 
terminal leaflet of Desmoiiium 

Fig. 126.— Tropic effect of increasing intensity of light 1: 2 : S on growing 
organ {Crimm). 

in the ratio of I : 2; the actual ratio was however 

slightly greater, vh. 1: 2*6. In this connection it Will be 
shown in the next chapter, that strict proportionality holds 
good.only in the median range, and that the susceptibility 
for exoitation undergoes an increase at the beginning of 
the phototropic curve. 

Effect of %ncf easing intensity (f light on the tropic 

curvature of growing organs,----AB the tropic curvature is 
primarily due to the retardation of growth induced by light 
at the proxinaal side of the organ, it will be of interest to 
recapitulate the results I obtained (p. 208) on the eJffects 
of increasing intensity of light on growth itself. The 

normal rate of growth of the specimen in the dark was 
0*47 /A per second ; this was reduced to 0*29 ju. under an 
intensity of one unit, to 0*17 /jt. under two, and to O^IO 
under three units. G-rowth becai^e arrested when the 
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intensity waS' raised' to four .units* Thus ' , iiicrea.siEg 
Intensity ... of. light induces an increasing Tetardation ' ' of 
growth at the, proximal side of the organ. This .aided by 
the .effect, of ' indirect stimulus at the distal .side bring's 
about 'an iEQ.reasing positive curvature. 

./Experintmt 'flower bud of Griminv' 

for the experiment, the source of light being a small arc 
lamp. The duration of exposure was one nitnute. In- 
creasing intensity of light gave rise to increasing, positive 
curvatures ; (Fig. .125) in the ratio of l ': '2%5 5 under 

increasing intensities which varied as 1: 2: 3. 

THE EFFECT OF INCREASINQ ANGLE. 

The quantity of light which falls on an unit area of 
the responding organ varies as sin B where ^ is the direc- 
tive angle L e, the angle made by the rays with the 
surface. Some allowauoe has to be made for the amount 
of light reflected from the sarface, this being greater at 45^ 
than at 90°. 

Tropic respofise of pulvinus of Deamodium gyraiis : 
E:ip)e7'iment 181.— For iipplicHtion of light at various angles 
an incandescent electric lamp was mounted at one end 
of a brass tube, a collimating lens being placed at the 


“"“c” : . ' 

Fig. 126 .— The Collimator. 

other (Fig. 126). The parallel beam of light from the 
collimator could be sent at various angles by rotating the 
collimator tube round an axis at right angles to the tube. 





QUANOTTY OF MGHT AND PHOTOTBOPIC WBYATURB 343 


The specimen employed was the terminal leaflet of Des- 
modium gyrans ; light was applied for a minnte in the 
two sucCeSSiYO experiments for the two angles of 45° and 
90°, The record (Fig. 127) shows that the phototropic 


effect increases with the d)rec|^ve angle. In tHe present 
case the ratio of the two effects is 1*6 ; 1, which is .not xery 

sin 90° 

different from the ratio — jx5”=l'4. 

sm4:5° 

Tropic respome of growing organs : Experiment 132.-^ 
Similar experiment was carried out with the flower bud 
of Crinum, held vertical, Light was applied alternately 
at 45° and 90°, in two successive series. The object of 
this was to make due allowance of possible variation of 
excitability of the organ during the course of the experi- 
ment. I have explained (p. 147), how the excitability of 
a tissue in a condition slightly below par, is increased by 
the action of previous stimulation. Series of responses 
obtained under alternate stimulations at 45° and 90=^ 
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enable- us " to find whether ^ any variation ^ of excit- 

ability occurred during the' course- of the :experiment ■: and 
make' allowance . for it ■ The -records show' that " stimula- 
tion did -enhance the excitability of. the organ to a 's.mall. 
extent. Thus the first stimulation at 45° induced an 
amplitude of response of 5 mm. ; the S3cond stimulation 
at 45° L e, the third response of the series, induced a 
slightly larger response 7 x^ra. in amplitude. Similarly 
the two responses at 90° gave an amplitude of 9 mm^ 
and 11 mm. respectively (Fig. 128). Taking the mean 
value of each pair, the ratio of' tropic effects for 90° 
and 45 ' is =*10/6 = T7 nearly. 

EPBEGT OB DURATION OB EXPOSURE. 

Experiment IBS . — The specimen employed for the experi- 
ment was a flower bud of QTinum xn slightly sub-tonic 
condition. Successive responses exhibited on this account, a 
preliminary negative** before the normal positive curvature. 
The successive durations of exposure were for 1, 2, and 



BlU. 129.— Eifect of increasing duration of exposure 1:2: 3 minutes, on photo- 
tropic curvature. Note preliminary negative response. {Crinwn), 

3 minutes. The amplitudes of responses (Fig. 129) are in 
the ratip of 1 ; 2*5 ; 5.^ ' , 

’5'; An e;xplanation of this preliminary effec|- w|ll be found in the, next chapter, ^ 
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■W recapitulate- the tropic effects of light of 

iiicreasiug intensity,- 'dii'^ctive angle, and duration; of ex- 
posure. It has been shown that the tropic effect is en- 
hanced under increasing intensity of light ; it is also in- 
creased with the angle increasing from grazing to perpendi- 
cular incidence. And ffnally, the tropic effect is enhanced 
with the duration of exposure. Taking into consideration 
the effects of these different factors we arrive at the con- 
clusion that phototropio effect increases ivith the quantity 
of incident light. It will be shown ^ in the next chapter 
that strict proportionality of cause and effect holds good 
in. the median range of stimulation, and the slight de- 
viation from this, above and below the median range, is 
due to the fact that susceptibility for excitation is low 
at these two regions. 

SUMMARY. 

Increasing intensity of light induces increasing tropic 
curvature. 

Tropic curvature increases with the directive angle, the 
effect being approximately proportional to sin where ^ 
is the angle made by the rays with the responding sur- 
face. 

Tropic curvature also increases with the duration of 
exposure. 

The intensity of induced tropic effect is determined by 
the quantity of incident light. 


: XXXIL-.THE PHOTO'TROPIC CURYE AND ITS 
CHARACTERISTICS 

Btj 

Sir J, a Bose. 

When a plant organ is subjected to the continued 
action of nnilaterial stimulus of light, it exhibits in- 
creasing tropic curvature, which in certain cases reaches 
a limit ; in other instances a reversal takes place, seen in 
neutralisation, or in the conversion of the positive into 
negative curvature. I shall in this chapter enter into a 
detailed study of the phototropic curve, and determine its 
characteristics. 

As the vague terminalogy at present in use has been 
the source of much confusion, it is necessary here to 
define clearly the various terms which will be employed 
in this investigation. It is first of all necessary to distin- 
guish between cause and effect, between external stimulus 
and the excitation induced by it. As regards stimulus 
ftself I have shown elsewhere* that its effective intensity 
becomes Bummated by repetition.' This' was demonstrated: 
by the two following typical experiments carried out with 
' the pulvinus of ifraosa. 

(1) The intensity . of : a single electric shock of intensity 
of 0*5 unit was found to be ineffective in inducing 

^ “ Jrnta-Mlity pf Rlants 54, 
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excitatioii ; but- it became effective on being repeated 
four times in rapid succession, 

(2) The same specimen was next subjected to a feebler 
stimulus of intensity of OT unit, and it required a re- 
petition of 20 times for the stimulus to become effective; 


The total stimulus in the first case was 0*5x4!=: 2, and 
this was found to be the same as 01x20=2 in the 
second case. Thus the intensity of stimulus is increased 
by repetition ; in the limiting case where the interval 
between successive stimulus is zero, the stimulus becomes 
continuous. Bearing in mind the additive effects of sti- 
mulus we see that its effective intensity increases with the 
diiration of application. This important conclusion found 
independent support from the results of Experiment 133 
given in the last chapter. 

We shall now take up the general question of the 
characteristics of the phototropic curve, which gives the 
relation between increasing stimulus and the resulting exci- 
tation. As regards stimulus we found that its effective- 
ness increases with the duration of application. The 
induced excitation in growing organs may be measured by 
concomitant retardation of growth caused by stimulus. In 
the excitation curves which will be presently given, the 
abscissae represent increasing stimulus and ordinates the 
resulting excitation. This excitation curve may be ob- 
tained by making the plant record on a moving plate its 
retardation of growth by means of the High Magnification 
Crescograph. I reproduce below two records of the effects 
of continuous photic and electric stimulation. The ordinate 
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of the ^excitation cnrye’ (Fig. 130) exhibits increasing in- 
cipient contraction (retardation of growth) culminating in an 


Fig-. 130.— Effects of continuous {a) electric, and (&) photic stimulation on rate of 
growth. Abscissa represents duration of application of stimulus. Kote induced 
retardation, and arrest of growth. 

arrest of growth V the abscissa represents increasing stima- 
ins consequent on increased duration of application. The 
record shows that the incipient contraction is slight at 
the first stage ; it increases rapidly in ' the second stage; 
finally, it declines and reaches a limit. The excita- 
tory reaction is thus not constant throughout the entire 
curve of excitation, but undergoes very definite and 
characteristic changes. We shall find similar characteristics 
in the phototropic carves under unilateral stimulus which 
will be given presently. The explanation of the similarity 
is found in the fact that the tropic curvature is also due 
to incipient contraction or retardation of the rate of 
growth, which remains confined to the directly stimulated 
proximal side of the organ. 

For facility of explanation of what follows, I shall 
have to use a new and necessary term, sitsceptibility, to 
indicate the relation of cause and effect, of stimulus and 
^ Excitation 


resulting excitation. Susceptibility is thus 
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Biffemnt - organs of ■ plants ■ exMbit''- uneqnal:;: susoepti- 
biiities ; some undergo excitation under feeble stimulus, 
while others require more intense stimulus to induce 
excitation^ But eYen in an identical organ the 
susceptibility undergoes, as we have seen^ a characteristic 
variation, being feeble at the . beginning of the excitation 
curve, considerable in the middle, and becoming feeble 
once more towards the end of the curve. The most 
difficult problem that faces us is an explanation of this 
characteristic difference in different parts of the, tropic 
curve. '' ' 

GEJTERAIi CONSIDIRATIONS. ^^^^^^^ ^ ^ ^ ^ 

Before entering into the fuller consideration of the 
subject, it will be helpful to form some mental picture of 
the phenomena of excitation, however inadequate it may 
be. The excitation is admitted to be due to the molecular 
upset induced by the shock of stimulus* ; the increased 
excitation results from increasing molecular upset brought 
on by enbanced stimulus. The condition of molecular 
upset or excitation may be detected from the record of 
anyone of the several concomitant changes, such as the 
change of form, (contraction or expansion) or change of 
electric condition (galvanometric negativity or positivity). 
These means of investigation are not in principle different 
from those we employ in the detection of molecular dis- 
tortion in inorganic matter under increasing intensities of 
an external force, 

THE CHARACTERISTIC CUltVE. 

Thus the molecular upset and rearrangement, in a 
magnetic substance under increasing magnetising force are 

* I shall use the term stimulus in preference to stimulation, for the latter 
la often taken in the sense of the resulting excitation i 
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inferred from ' tke c.nnre obtained by means of appropriate 
■' magnetometric or galTanometrlc : metbods. I „ raprodnoe tke 
cbaracteristic ourve of iron (Kg* 131) in wbloli the abscisea 
: represents increasing magnetising force, and ..the .ordinate* 
the: indttced ' magnetisstiop. This characteristic ^ curFe, giving 
;the' relation of canse and . effect, vtill be found; tO;'„be 
' highly suggestive - as regards the si'milar characteristic 
• curve which gives the relation • between increasing stimnlns 
•■ and 'the- resulting enhanced'' tropic effect in, ■ vegetable 
' 'tissues* • T,he"parall6lisin will be- found to be very .s.triking. 

Inspection of figure 131 shows that, broadly speaking, 
the curve of magnetisation may be divided into four parts. 
In the first part, under feeble magnetic force, the slope of 
the curve is very small; later, in the Second part, as the 
force increases, the curve becomes very stpep ; in the third 
part the slope of the curve remains fairly constant ; 
and finally in the fourth pa^rt, the curve rounds off and 
the rate of ascent again become^ very small. The s-useep- 
tibility for induced magnetisation is thus very feeble at 
the beginning ; under increasing force, in the second stage, 
the susceptibility becomes greatly enhanced,* in the third 
stage, the susceptibility remains approximately constant ; 
and in the fourth stage it becomes diminished, W shall 
presently find that the susceptibility for excitation also 
undergoes a similar variation at the four different stages 
of stimulation. 

.CHABAOTEBISTICS OF S'lMFIiB PHOTOTROPIC CU-RVE, , • • , ; 

I have shown (Kg. 130) the relation between the 
stimulus And the resulting excitatio.n, the latter being deter- 
mined from the diminution' of ' 'the -rate of growth* Under 
unilateral action of light, the 'excitatory contraction gives 
rise to tropic curvature* We may thus obtain the charac- 
teristic excitation curve, by making the plant organ record 
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its ■ troplc;, : rpoTemeiit ' ■ under ' coatinuous ■ acfcioa' 
applied on one side of the orgaa. 

Experiment 184 * — I give below the characteristic carve 
of excitation (Fig. 132) of the palvinas of Erythrma indica^ 
traced by the plant itself, and exactly reproduced by photo- 
mechanical process. A parallel beam of light from a Nexnst 


Fig. 131. Fig. 132. 

FiG. 131. — Characteristic ciirv'e of iron under increasing magnetising force. 
(After Ewing). 

Fig, 132,— Simple characteristic curve of phototropic reaction. Excitation 
increases slowly in the first part and rapidly in the second; it is uniform in 
the third, and undergoe.? decline in the fourth part {Erythrina indica). 


lamp was thrown on the uppeii leaf of the pulvinus, and 
the increasing positive curvature was recorded on a smoked 
glass 'plate which was moved an uniform rate. The 
successive dots are at interval of 20 seconds ; the horizontal 
(^istances between successive dots are equal, and represent 
equal increments of stimulus ; the vertical distances between 
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successive dots ; ;repr^^ the corresponding increments of 

excitation. The gradient at any point of the curve— incre- 
ment of excitation divided ' by increment of stimulus — ^gives 
the susceptibility, for excitation at .that point. The follow- 
ing table will show how the susceptibility for excitation 
undergoes /variation through the entire range of stimulus. 
The average susceptibility for each point has . been calcniated 
from the data furnished by the cnrve^^^ ^ ^ 


TABOE XXX. — SHOWING THE, VARIATION OF SITSCEPTIBILITY FOR 
EXCITATION AT DIFFERENT POINTS OF THE TROPIC CURVE. 


Successive points 
in the curve. 

Susceptibility 
for excitation.. 

Successive points 
in the curve. 

Susceptibility 
for excitation. 

1 ... 

0 

14 ... 

6*6 

2 ... 

0-187 

15 ... 

4*4 

3 ... 

0*44 

16 ... 

2*5 

4 ... 

0*625 

,17 

1-87 

5 ... 

0'875 ' 

18 ... 

1-5 

6 ... 

1*25 

19 

in 2 

7 

1*87 

20 ... 

0-937 

8 ... 

3*12 

21 ... 

0-75 

9 ... 

5*0 

22 ... 

0-562 

10 ... 

6 25 

;.23“ ' 

0-375 

n ... 

8*75 

24^ ... ■ ^ 

0-25 

12 ... 

8*87 

25 ... 

0-187 

Ta ... 

8*ri 

26 ... 

0-062 


The induced excitation is seen to be increased very 
gradually from the zero point of susceptibility, known as 
the latent period at which no excitation takes place. In 
the second part of the excitation curve, the rate of increase 
is very rapid; the maximum rate is nearly reached at 
point 11 of the curve and remains fairly constant for a 
time. • This is the median range where equal increment of 
stimulus Induces equal increment of excitation. The sus- 
ceptibility for excitation then falls rapidly, and increase of 
stimulus induces no further increase of tropic curvature. 
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The maxim am ' tropic; carvature' was^ in the present -case, 
reached in the coarse of nine minutes/ The attainment of 
this maxim am depends on the excitability of the tissue, and 
the intensity of incident stimulus. The characteristics that 
have been described are not confined to the phototropio 
curve but exhibited by tropic carves in general. Similar 
characteristics have been found in the curve ior eiectric 
stimulus (Mg. 130a), and will also be met with in the curve 
for geotropic stimulus (Fig. 161). 

I may here reefer incidentally to the three types of 
responses exhibited by an organ to successive stimuli of 
uniform . intensity ; these appear to correspond to the three 
dilf erent regions of tropic curve ; in the first stage, the 
plant exhibits a tendency to exhibit a ‘staircase’ increase of 
response; in the intermediate stage, the response is uniform ; 
and in the iast stage, the responses show a ‘fatigue’ decline. 

For purpose of simplicity, I first selected the simple 
type of phototropic curve, where . the specimen employed 
was in a favourable tonic condition, and the stimulus was, 
from the beginning, above the minimal. Transverse con- 
duction, which induces neutralisation or reversal into 
negative, was moreover absent in the specimen. I shall up w 
take up the more complex oases: (1) where the condition of 
the specimen is slightly sub-tonic, (2) where the stimiilas 
is gradually increased from the mh-mimmaly and (3) where 
the specimen possesses the power of transverse condaetion. 

EFFECT OF SUB-MINIMAh STIMULUS. 

It is unfortunate that the terms in general use for des- 
cription of effective stimulus should be so very indefinite. 
A stimulus which is just sufficient to evoke excitatory 6*<9n- 
traetion is termed the minimal, stimulus below the thres- 
hold being tacitly regarded as ineffective. The employ- 
ment of sensitive recorders has, however, enabled me to 
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(ilBCOTer the important fact that stimulus below .the miiili]aa.ls, 
though laeftactlve in inducing excitatory aonimciion^. la not 
below the threshold of perception. ^ The plant not merely' 
perceives such stimulus, but also responds to it, in a detnite' 
,hj : expansion instead oi contraelion. I shall designate 
the stiiniiius below the minimal, as the sub-minlmaL There 
is a, critical point, which demarcates the sub-minimai atimulus 
with . its- expansive reaction from the minimal with its re™- 
sponsive contraction. 

The cHUml stimaiixs varies in diflerent species of 
plants. Thus the same intensity of light which induces a 
retardation of growth in one species of plants will enhance 
the rate of growth in another. Again, the critical point 
will vary with the tonic level of the same organ ; in an 
optimum condition of the tissue, a relatively feeble stimulus 
will be sufficient to evoke excitatory contraction; the critical 
point is therefore low for tissues in tonic condition which 
may be described as above pan In a sub-tonic condition, 
on the other hand, strong and long continued stimulation 
will be necessary to induce the excitatory reaction. The 
critical point is therefore high, for tissues in a condition 
below pan Stimulus below the critical point will here 
induce the opposite physiological reaction, ie., expansion. 
The physico-chemical reactions underlying these opposite 
physiological responses have, for convenience, been distin- 
guished as the ‘‘k’’ and “D ” change (pp. 143, 223). The 
assimilatory ‘building up ^ A change, is associated with an 
increase of potential energy of the, system; the dissimi- 
latory ‘break down B change, on the other hand, is attend- 
ed by a run-down of energy. 

Stimulus was shown (p. 225) to give rise to both these 
reactions, though the A effect is, generaliy speaking, masked 
by the predominant I) effect. The A change is quicker 
in initiation, while the effect developes later; again 



THB FHOTOTROPIC CURVE AHD ITS CHARACTEBIBTICS '355 

the “A” effect under moderate stimulation m 
longer. Thus :,owiBg, to the difference in their tme-relations 
the A effect is capable of being unmasked at the onset 
of stiinnlus or on its sodden cessation. For . ; the detee- 
tion of the relatively feeble expansive A effect, a special 
recorder is required which combines lightness with high 
power of magnification. The earlier expansive reaction and 
acceleration of rate of growth, followed by normal retarda'* 
tion, are often found in the response of growing organs. 
The corresponding effect of unilateral stimnlation, even 
when, direct, is a transient expansion at the proximal side, 
inducing a convexity of that side and movement away from 
stimulus (negative curvature); this is followed by contrac- 
tion and concavity with normal positive curvature. The 
interval between the A and D effects is increased with 
increasing sub-tonicity of the specimen. But it nearly 
vanishes when the excitability of the specimen is high, 
and the two opposite reactions succeed each other too quick- 
ly for the preliminary A reaction to become evident. It is 
probable that in such a case the conflict between the two 
opposite reactions prolongs the latent period. But in other 
instances a preliminary expansive response is found to herald 
the more pronounced contractile response. Example of this 
is seen in figure 129 given in page 344, 

The A effect was detected in the records referred to 
above by its earlier appearance. Its longer persistence^ 
after moderate stimulation, is also to be found on the 
cessation of moderate stimulation. This was seen in the 
acceleration of growth which was the after-effect of 
stimulation (Figs. 104, 115). The presence of two conflict- 
ing physiological reactions is also made evident on sudden 
cessation of long continued stimulation. This particular 
phenomenon of “ overshooting ” will be more fully dealt 
with in a subsequent chapter, 


m 


mW3 MOVEMENTS IN "PEANTS 


: Owing to tlie difference' -in- -the time relations of . ■tli.e 
two '.opposing ■actiyities,. A -and D, 'a phase .difference' .often 
arises in their respective maxima. It is probably on this 
■account that rhythmic tissues originally at staiidstill, ' exhi- 
bit ' under continued 'Stimulation a periodic up. and down- 
movement, .wMch persists even on the cessation of the 
stimulus. The persistence of after-osciilatioii depends,.^ more-' 
over, on the intensity and duration of previous .stimu- 
lation.’^ 

The facts given above cannot be explained by the 
prevalent theory that stimulus acts merely as a releas- 
ing agent, to set free energy which had been previously 
stored up by the organism, like the pull of a trigger 
causing explosion of a charged cartridge. It is true that 
in a highly excitable tissue, the external work performed 
and the run down of energy are disproportionately 
greater than the energy of stimulus that induces it. But 
in a sub-tonic tissue, stimulus induces an effect which is 
precisely the opposite ; instead of a depletion, there is an 
enhancement of potential energy of the system. Thus the 
responding leaf instead of undergoing a fall becomes 
erected ; growing organs similarly exhibit a ^building np ^ 
and an acceleration of rate of growth, in contrast with 
the usual ‘ break down’ and depression of the rate. It is 
obvious that these new facts relating to the action of 
stimulus necessitate a theory more comprehensive and 
satisfactory than the one which has been in vogue. 

THE COMPLETE PHOTOTBOPIO OUEVB. 

I have explained the characteristics of the simple photo- 
tropic curve in which the tropic curvature, on account of 
the favourable tonic condition and strong intensity of 

Plant Eespome 293, etc, 
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i-BjoideRt ligM;; ■ was ; positi^^^ from tbe begiRniiig^ : aad in 
wWcli''' tlie’' 'Corvatiire' reached ■■■ a ‘maximRiR beyond " which 
there was no subseqaent reversal If the intensity of the 
stimulus be feeble or moderate, the quantity of light Inbi- 
dent on the responding organ at the beginning may fall 
below the critical value, and thus act as a sub-mininial 
stimulus. This induces as we have seen (p.. 344) a nega- 
tive, trOpic curvature ; continued action of stimulus, how- 
ever, converts the preliminary negative into thO usual posi- 
tive. The preliminary negative^ curvature may be detected 
by the use of a moderately sensitive recorder with a magni- 
fication o>f about 30 times. It is comparatively easy to 
obtain the preliminary negative response in specimens 
which are in a slightly sub»tonic condition. 

Semi-conducting tissues exhibit under continued stimu- 
lation, a neutralisation and reversal into negative (p* 33X). 
Since this reversal into negative usually takes place under 
prolonged exposure to exceedingly strong light, it is diflB.- 
cult to obtain in a single curve all the different phases 
of transformation. I have, however, been fortunate in 
obtaining a complete photoferoplc curve which exhibits in a 
single specimen all the characteristic changes from a 
preliminary negative to positive and subsequent reversal to 
negative. I shall describe two such typical curves obtained 
with the terminal leaflet of Desmodium gyram and the 
growing seedling of Zea Mays. 

Complete pihototropio curve of a pulvinated organ: 
Experiment 135— A continuous record was taken of the 
action of light of a 50 c. p.^ incandescent lamp, applied 
on the upper half of the pulvinus of the terminal leaflet 
of Desmodium gyrans. This^ gave rise : (1) to a negative 
curvature (due to sub-minimal stimulus) which lasted for 
3 . minutes. The curve, then proceeded upwards, at first 
slowly^: then rapidly^; it thbu rounded off, and reached : a 
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maximtim positive value in the course of 18 minutes ; 
after this the curve underwent a reversal, and complete 
neutralisation occurred after a further period of 24 minutes 
(Fig. 133). Beyond this the induced curvature is negative. 


Fig. 133.— Complete phototropic curve given by pulvinated Eq. organ 
Positive curvature above, and negative curvature below the horizontal zero line 
Preliminary negative phase of response dne to sub-minimal stimulus. The posi- 
tive increases, attains a maiMnm, and nnaergoes a reversal. Sucoessivo; dots 
at intMvals of 80 seconds. Abwissa represents duration of exposure and quantitv 
of incident light. (Terminal leaflet of 

Complete pJiototropic curve of growing organs: Experi- 
ment 136,-1 obtained very similar efiEects by subjecting 
the seedling of Zea Mays to unilateral light from an arc 
lamp for two hours. The characteristic of this curve is 
similar to that given by the terminal leaflet of Desmodium 
gyrans. At the first stage, the sub-minimal stimulation 
is seen to induce a negative curvature, transformed into 
positive after an interval of 10 minutes. The maximum 
positive curvature is reached after 50 minutfs, and neutra- 
lisation completed in a fujiher period . of 43 minutes 
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(Fig. 134). After this the response became transforined 


into negative; 




Time (^Qua^ntitY) ■ 


Fiq. 134.— Complete phototiopic curve of a growing organ {Zea Mays), 

In a complete phototropic curve we may thus distin- 
guish 4 distinct stages : — 

(1) The stage of sub-minimal stimulation, 

(2) The stage of increasing positive curvature culmin- 

ating in a maximum. 

(3) The stage of neutralisation. 

(4) The stage of complete reversal into negative. 


The curve thus crosses the zero line of the abscissa 
twice ; the first crossing takes places tqnvards at the 
critical point of stimulation which demarcates the sub- 
minimal from the minimal. The second crossing down- 
wards occurs beyond the point of compete neutralisation. 

In a tissue in which transverse conductivity is absent, 
and the stimulus applied from the beginning is above the 

28 
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Mmimal, ihe siaiple tropic curve is cor.ined ' to the second 
stage (see Fig, 132).. 

, WEBBE'S-LAW. 

: , If : we neglect the ■ preliminary negative portion' niicler 
siib-mimmal stimuhis, 'the curve o'f excitation under increas- 
ing, photic stimulation, obeys what is known as' Weberns ' law. 
This Is equally true of modes of stimulation other than 
that of light as is seen in figure 130 of the contractile 
effect of continued electric stimulus on growth ; the excita- 
tory effect is also seen to reach a limit. 

Weber’s law is applicable for a limited range of stimu- 
lation. For the quantitative relation fails in the region of 
sub-minimal stimulus, where the physiological reaction is 
qualitatively different, namely expansion instead of contrac- 
tion. This holds good even in the case of animal tissues, 
for here also my recent experiments show that two opposite 
reactions —expansion and contraction — take place under 
stimulus, and that a very feeble stimulus tends to induce 
expansion instead of contraction. The responsive reaction 
of a kitten under gentle caressing strokes must be qualita- 
timly different from that of a blow. The psychological 
effects under the two treatments evidently differ qualita- 
tively rather than quantitatively.* 

SUMMARY. ■ 

The excitation curve exhibits a slow ascent in the 
first part ; ill the second part the gradient is steep, indi- 
cating rapid rise in excitation ; in the third part it is 

“It has been argued bv James that the feeling does not cause, but is 
caused by the bodily expression . . . . Miinsterberg concludes that the feeling of 
agieeableness is the mental accompaniment and outcome of reflexly produced 
movements of extension, and disagreeableness of the movement of flexion.’^ 
Schafer— Text Book of Physiology, Vol. XI, p. D75 (1900), 
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uniform '; and in the last ■ part, the curve rounds off and 
the rate of ascent becomes very small. 

The susceptibility for excitation is feeble at the begin- 
ning ; it increases very rapidly with increasing stimulus ; 
finally it undergoes a fall, increase of stimulus inducijag 
no further enhancement of excitation. 

In a complete phototropic curve the first part is nega- 
tive ; this is due to the physiological expansion induced by 
sub-minimal stimulus. The curve then crosses the abscissa 
upwards, and the positive curvature reaches a maxioium, 
This is followed by neutralisation and reversal into nega- 
tive ; the curve crosses the zero line and proceeds in the 
negative direction. 

’Weber’s law is not applicable for the entire range of 
stimulation. The quantitative relation fails in the region 
of sub-minimal stimulus, where the physiological reaction 
is qualitatively different. 
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'XXXIIL— THl TRANSMITTED EFFECT OF PHOTIC 
STIMULATION 

' 

■ Sir J. GC Bose, 

Asnsted hy 

Jyotiprakash : Sircar,' m.b« 

' PjuANT organs exlii'bit, as we have already seen, .a heiio- 
tropic curvature under direct stimulation. Still more inter- 
esting is the transmifcted effect of iight giving , rise to a cur- 
vature, Thus if , the tip: of the seedling of . wheat be exposed 
to light, the excitation 'is 'transmitted .lower, down, into 
the . region..' which acts as the responding organ, .Growth 
is very active in this particular zone,' and the change of 
' growth, induced by the transmitted effect of stimiihis, brings 
.about a curvature', by which the tip of , the seedling .bends 
to'wards light. , . The, .seedling, thus... appears to .be differentiat- 
: ed.V into, three. physiological .-zones .subserving ' three different 
. functions. The ...tip is the; , perceptive., .zone, the inter- 
vening ,, distance between the-.' tip . and the .. growing,, region 
.is:' the zone of conduction, and the growing region is the 
responsive zone, ■ These differentiations are shown/ in a 
' striking 'manner: by Gertaiii. Paniceae, ' for example. 

In this, .'seedling /the tapering "'Sheathing,; leaf, or.' . coty- 
ledon is about 5 .mm, in .length, and it is the upper part 
of the cotyledon that is most sensitive to light. Below 
the sheathing leaf is a' narrow length which will 
■;,;he, ,. distingiiisbe^d .as;.' , the hypo.cotyl.,- . and where growth is 
very active. The apex of the leaf perceives the stimulus. 
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and tlie effect is transmitted to the hypocotyly whicli 
responds by becoming curved so that the seedling bends 
towards light. 

It is necessary here to make special reference to the 
confusion that arises from want of precision in the use 
of the term stimulus, used indifferently to denote both the 
cause and the resulting effect. An external agent, say 
light, causes certain excitatory change in the tissue, and 
we refer to the agent which induces it, as the stmulm. 
Thus in the instance cited above, light is the stimuliin^ 
and it is the stimulus-effect that is transmitted to a 
distance. But in physiological literature no distinction 
is made between the stimulus and its effect, hence arises 
frequent use of the phrase ‘transmission of stimulus*. 
It is obvious that it is not light but Its effect that is 
transmitted. 

Such want of precision in the use of the term sti- 
mulus would not have seriously aff'ected the truth about 
the description of facts, had the transmitted effect been 
only of one kind. In a nerve-and-muscle preparation, the 
velocity of transmission of excitation is so great, that it 
completely masks the positive impulse (assuming the exis- 
tence of such an impulse). The effect of indirect sti- 
mulation is, therefore, the same as that of direct stimu- 
lation. Any indefiniteness in the use of the term stimulus 
for its transmitted effect does not, in animal physiology, 
seriously militate against the observed facts. But lack of 
precision in the employment of the term in plant physio- 
logy leads to hopeless confusion. For owing to the semi- 
conducting nature of vegetable tissue, the transmitted effect 
is not of a definite sign, but may be positive or n^ative ; 
ill the ; first case, the .response , is by expansion, in the 
latter, by : contraction.' Thus the. transmitted ' effect will be 
very different' in' the two cases, according as ' the, inter 
ing tissue ■ is 'a good ■ or ; ■a," bad conductor. ' These facts 
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accentuate tlie argent necessity ot revision of . oiir e5cMiiig 
terminology., , ■ ■ 

I iiave shown that the .effects, of other' forms' of sti- 
muli : are also transmitted from the perceptive to the res- 
ponding region along the intervening path of conduction. 
Thus the petiole of Mimosa perceive any form . of ^ stimu- 
lus applied to it, and the induced excitation is conducted 
to the distant pulviniis to evoke the familiar respon- 
sive fail of the leaf. The piilvinus, moreover, perceives and 
responds to direct stimulation. In a nerve-and-mascle 
preparation the responding muscle is alike perceptive and 
responsive/ ■ 

But in we meet with certain characteristics of 

reaction which are quite inexplicable. Thus if 

‘4he seedling be illuminated on one side, a sharp 
heliotropic curving takes place at the apex of hypocotyl. 
The cur v'ature makes itself apparent only if the cotyledon 
be illuminated from one side whether the hypocotyl be 
exposed to light or not. If the cotyledon be shaded and 
the light be permitted to fall on one side of the hypo- 
cofeyi, no heliotropic curving takes place. Hence we may 
conclude that it is only the cotyledon that is sensitive to 
the light stimulus, and it is only the hypocotyl which can 
carry out the movement. The excitation which the iight 
effects in the cotyledon must be transmitted to the hypo- 
cotyl and curvature takes place only from such a trans- 
mitted excitation. We have thus in this case a definite 
organ for the perception of the stimulus of light, viz., 
the cotyledon, and as Rothert has shown, it is more 
specially the apex of that organ that is the sensitive 
part; on the other hand, the motile organ, the hypocotyl, 
is some distance away from the sensitive organ, and in it 
the power of perception is entirely absent. Prom the behavi- 
our of these organs we may draw the farther conclusion that 
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perception and heliotropic excitation are two distinct plieno" 
mena, which depend on different properties of the proto- 
plasm and which are independent of each other . , . 
We may, therefore, conclude from this experiment that these 
two types' of excitation are fnndamentaiiy distinct pro- 
cesses, for it is only after indirect or transmitted and hot 
after direct excitation that a reaction occurs in the case 
of the seedlings of the Paniceae”.* 

The noteworthy deductions on the above facts are:— 

(1) That the motiie organ in Setaria is totally devoid 

of perception, since direct action of light induces 
no effect. 

(2) That perception and heliotropic excitation are two 

distinct phenomena, which depend on different 
properties of the protoplasm, and which are 
^ ^ each other. 

Though^ the conclusions thus arrived at appear to fol- 
low from the facts that have been observed, yet it ^is 
difficult to accept the inference, that a responding organ 
should be totally devoid of the power of perception, and 
that excitation and perception are to be regarded as de- 
p^mdent on different properties of protoplasm. It there- 
fore appeared necessary to re-investigate the subject of the 
perceptive power of the cotyledon, and the responding 
characteristics of the hypocotyl. 

The criterion employed for test of perception is "the 
movement induced in response to stimulus. The respon- 
sive mechanical movement is rendered possible only by the 
contractility of the organ, and mechanical and anatomical 
facilities offered by it for unhampered movement. The 

* Jost -/5?d! — p. 468* 
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petiole of Jl'imosa locally stimulated does . EOt itself 

exhibit ' any lEovemen-t. The fortuyiate- circumstance of the 
presence of a motile pulvinus in the neighbourhood enables 
us to recognise the perceptive power of the petiole, since 
it ' transmits an impulse which causes the fall of the leaf.: 
There is no motile piilviniis in ordinary leaves, and 
stimulation of the petiole gives rise to no direct or trans- 
mitted motile reaction ; from this we are apt to draw the 
inference that the petiole of ordinary leaves are devoid of 
perception. This conclusion is, however, erroneous, since 
under stimulus the petiole exhibits the electric response 
characteristic of excitation. Moreover my electric investi- 
gations have shown that every living tissue not only 
perceives but also responds to stimulation.?^ Hence con- 
siderable doubt may be entertained as regards the 
supposed absence of perception in the hypocotyl of SeMria, 

1 shall in the present paper describe my investigations 
on the mechanical response of Setaria under direct and 
ihdirect stimulation which will be given in the following 
order 

(1) The response to unilateral stimulation of the tip 

of the ' seedling, ^ ‘ . , , , 

(2) The response of growing hypocotyl to direct sti- 

mulation, 

(3) Summated effects of direct and indirect stimiila- 
■ , tion. ' 

EXFERIMENXAIi'- ARRANGEMENTS. 

The The puli exerted by the tropic curva- 

ture of the seedling is very; feeble; it was therefore 
necessary to construct a very light and nearly balanced 


* “ Response in the Living and 2^on-Living p, 17. 
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recording lever* A long glass fibre is supported by 
lateral pivots on jewel bearings* The seklling is attached 
to the short arm of the lever by means of a cocoon 
thread. The recording plate oscillates to and fro once in 
a miiiiite ; the successive dots give therefore the time 
relations of the responsive movement. The positive cnr- 
vatiire towards fight is recorded as an iip-curve, the 
negative curvature being represented by a down-curve. 

Arrangement for local stinndation The device 

of placing tin foil caps on the tip employed by some 
observers labours under the disadvantage, that it causes 
mechanical irritation of the sensitive tip. The appliance 
seen ip. figure 135 is free from this objection and offers 



Fig. 135. — Ari'angement for local application of light to the tip and the 
growing region. 0, 0‘, apertures on a metallic screen. Light is focussed 
by a lens on the tip, , and on the growing region at o, o.^ Figure to the 
right shows front view of the shutter resting on a pivot and worked by string, T. 

many advantages. A metallic screen has two holes 
0 and 0^; these apertures are illuminated by a parallel 
beam of light from an arc lamp. A lens focusses the 
light from 0, on the hypocotyl, and that from 0^, on the 
tip of the cotyledon. A rectangular pivoted shutter S, 
lies between the apertures 0 . and Oh In the intermediate 
position of the shutter, light acts on both the tip and the 
growing region. The shutter is tilted up by a pull on 
the thread T, thus cutting off light from the growing 
region ; release of the thread cuts off light from the tip. 
Thus by proper manipulation of the shutter, the tip or the 
growing hypocotyl, or both of them, may be subjected to 




I 
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the stimiilas' of light . 'The experiment was carried out 
in a dark room, special precaution being taken that light 
was screened off from the plant except at points of 
localised stimulation.;, 

EFFECT OF LIGHT AT THE TIP OP fHE OEGAN. 

Experiment 1S7 . — If the tip of the seedling of Seiaria 
be illuminated on one side, it is found that a positive 
curvature (i,e,, towards light) is induced in the course 
of an hour or more. But in obtaining record of the 
seedling by unilateral stimulation of the tip, I found that 
the immediate response ^ was not towards, but away 
fijom light (negative curvature). The latent period was 



B’ig . 1S6.-— Response of seedling of Setaria to unilateral stimulation of the tip 


applied at dotted arrow. 

Note preliminary negative curvature reversed later into positive. 

about 30 seconds and the negative movement continued 
to increase for 25 minutes (Fig. 136). This result, hitherto 
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unsnspected, is not so anomalous as would appear at 
first sight. Indirect stimulus, unilaterally applied, has 
been shown to give rise to two impulses : a quicker 
positive and a slower excitatory negative. The former 
induces a convexity on the same side, and a movement 
away from stimulus (negative curvature) ; the excitatory 
negative, on the other hand, is conducted slowly and 
induces contraction and concavity, and a movement towards 
the stimulus (positive curvature). In semi-condncting or 
non-conducting tissues, the excitatory negative is weakened 
to extinction during transit, and the positive reaction 
with negative curvature persists as the initial and final 
effect. 

But in Setaria the excitatory negative impulse is trans- 
mitted along the parenchyma which is moderately conduct- 
ing ; the speed of transmission of heliotropic excitation is, 
according to Pfeffer, one or two mm. in five minutes or 
about mm. per minute. Thus under the continued 
action of light, the excitatory impulse will reach the grow- 
ing resfion, and by its predominant reaction neutralise tod 
reverse the previous negative curvature. 

Inspection of figure 136 shows that this is what 
actually took place; the intervening distance between the 
tip of the cotyledon and the growing region in hypocotyl 
was about 20 mm., and the beginning of reversal from 
negative to positive curvature occurred 29 minutes after 
application of light. The velocity of transmission of ex- 
citatory impulse under strong light is thus 0*7 mm, per 
minute. The positive curvature continued to increase for 
a very long time and became comparatively large. This 
is for two reasons ; (1) because the sensibility of the 
tip of the cotyledon is very great, and (2) because the 
positive curvature induced ' by longitudinally transmitted 
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exciiatioii , is; not .neutralised by ' transverse conduction (see 
below). , 


RESPONSE TO UNILATERAL STIMULUS £N THE GROWING 

REGION. 

Experiment 1S8 , — The growing region of the hypocotyl 
of Sstaria is supposed to be totally devoid of the power 
of perception. In order to subject the question to experi- 
mental test, I applied unilateral light on the growing 
region of the same specimen, after it had recovered from 
the effect of previdus stimulation. The response now ob- 
tained was vigorous and was positive. Direct 

stimulus has thus induced the normal effect of contraction 
and concavity of the excited side. The belief that the 
hypocotyl of Setaria is incapable of perceiving stimulus 
is thus without any foundation. The further experiment 



Fxo. 137. — Effect of application of liglit to the growing hypocotyl at arrow 
induced positive pbototropic curvature followed by neutralisation. Application 
of indirect stimulus at dotted arrow- on the tip gave rise at first to negatives 
subsequently to positive curvature. (Seedling of Setaria). 

which I shall presently describe will, however, offer an 
explanation of the prevailing error. On continuing the 
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action of unilateral light, the positive , ciirvature after; 
attaining a, maximum' in the course of 15 minutes, Tinder- 
went a diminution and final neutralisation (Fig« 137). On 
account of this neutralisation the seedling became erect after 
an exposure of 30 minutes ; in contrast with this is the 
increasing positive curvature under unilateral illumination of 
the tip (Fig. 136) which continues for several hours. The 
explanation of this neutralisation under direct stimiilatioii 
of the growing region is found in the fact that transverse 
conduction of excitation induces contraction at the distal side 
of the organ and thus nullifies the positive curvature. The 
seeming absence of tropic effect under direct stimulation 
is thus not due to want of perception, but to balanced 
antagonistic reactions on opposite sides of the organ. 


EFFECT OF SIMULTANEOUS STIMULATION OF THE TIP 
AND THE HYPOCOTYL. 

Though stimulation of the hypocotyi results in neutra- 
lisation, yet the illumination of one side of the organ 
including* the tip and hypocotyi is found to give rise to 
positive curvature. This will be understood from the 
following experiment. - 

After the neutralisation in the last experiment light was 
also applied to the tip from the right side at the dotted 
arrow (Fig. 137). The record shows that this gave rise 
at first to a negative curvature (away from light) ; under 
the continued action of light, however, the negative was 
subsequently reversed to a positive curvature, towards light. 
Inspection of the curve shows another interesting fact. 
The positive curvature induced by direct stimulation is very 
much less than that brought out by indirect stimulation. 
This is due to two reasons : (1) the sensitiveness of the 
tip of the organ is, as is well known, greater than that 
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of tlie hypocotyl, (2) ' the positive'' curvature under direct 
stirnuIatioiiL cannot proceed very far, since it is ne.iitralised 
by transverse conduction of excitation. 

It will be seen from the above that the illumination 
of the tip practically inhibits the neutralisation and thus 
restores the normal positive curvature. The question now 
arises as to how this particular inhibition is brougbt 
about. 


ALUBBRAlCAlj SUMMATION OP THE EFFECTS OP DIRECT 
AND INDIRECT STIMULATIONS. 

An instance of inhibition, though of a diiferent kind, 
was noticed in the response of the tendril of Passiflom 
(p. 296) ; the under side of the organ is highly sensitive, 
while the upper side is almost insensitive. Stimulation 
of the under side of the tendril induces a marked cur- 
vature, but simultaneous stimulation of the . diametrically 
opposite side inhibits the response. This neutraUsation 
could not be due to the antagonistic contraction of the 
upper side since the irritability of that side is very slight. 
1 have shown that the inhibition results from the two 
antagonistic reactions, contraction at the proximal side due 
to ilirect stimulation and expansion caused by the positive 
impulse from the indirectly stimulated distal side. 

We have in the above an algebraical summation of the 
effects of direct and indirect stimulations. The longitu- 
dinally transmitted effect of indirect stimulus in Setaria 
may, likewise, be ' bummated . with the effect ' of 'direct sti- 
mulus. ■ ./The ■ phenomenon of algebraical summation' •dS'^ 
demonstrated, ■ in 'a ': very . striking , and- convincing ' maniier '■ 
in the following experiment, w^hich I have been successful 
imrdevising;^ ",/ / ;■: ;/■ ; ; ■ : ' 
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Experiment 1S9.—1 have explained, (ExpL 126) that imila- 
teral application of stimiihis of light on the upper half of 
the responding pnlvinus of J/mosa induces an up or poiiti've 
curvature, followed by a neutralisation and even a reversal 
into negative, the last two effects being brought about 
by transverse conduction of excitation to the distal side. 
When the incident light is of moderate intensity, the trans- 
mitted excitation only suffices to induce neutralisation 



Fig. 138.— (a) Diagrammatic represpntation of direct application of light (1^) 
on the pulvinus and the indirect application on the stem (— :3<-) (h) Record of 

effect of direct stimulus, positive curvature followed by neutralisation. Super- 
position of the positive reaction of indirect stimulus induces erectile up-response 
followed by down movement due to transmitted excitatory impulse {Mimom'). 

without further reversal iiUO negative ; while in this state 
of balanced neutralisation let us apply indirect stimulus 
by throwing light on the stem at a point directly opposite 
to the leaf (Fig. 138). 

Two difierent impulses are thus initiated from the effect 
of indirect stimnlus. In the present case the poBitive 
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'reached the responding , piilvin us • after 30 ■ seconds and 
induced an 'erectile movement of the ' leaf ; , the excitatory 
negative impiiise ■ reached' / the organ 4 minutes later' and 
caused a rapid fail of the leaf. The record (Fig. 138) 
shov/s further: that -Ihe previous action of ^ direct stimulus 
which 'brought about neutralisation, does' not interfere, /with 
the effects of indirect stimulus. The individual effects of 
direct and indirect stimulus are practically independent 
of each other; hence their joint effects exhibit algebraical 
su.mmation. 

We are now in a position to have a complete under* 
standing of the characteristic response of Paniceae to 
transmitted phototropic excitation. 

(1) Local stimulation of the tip gives rise to two im- 
pulses, positive and negative. The former induces a transient 
negative movement (away from light); the latter causes 
a permanent and increasing positive curvature towards 
light. " 

(2) Local stimulation of the growing hypocotyl gives 
rise to positive curvature, subsequently neutralised by the 
transverse conduction of excitation to the distal side. The 
absence of tropic effect in the growing region is thus due 
not to lack of power of perception, but to balanced anta- 
gonistic reactions of two opposite sides of the organ. 

(3) The effects of direct and indirect stimulations are 
independent of each other; hence, on simultaneous stimula- 
tions of the tip and the growing hypocotyl, the effects of 
indirect stimulus are algebraically summated with the 
effect of direct stimulus (neutralisation). The indirect 
stimulation of the tip OU:. the ■right side gives rise to 
two impulses, of w^hich the : expansive positive reached 
the right side of the responding region earlier, inducing 
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convexity and movement away from stimulus (negative 
cnrvatTire). This is diagrammatically shown in Big. '139^ 
Had the intervening tissue been non-oondueting, the 
slow excitatory negative impulse would have failed 
to reach the responding region, and the negative 
curvature induced by the positive impulse woukl 
prove to be the initial- as well as the final effect. 
In the case of Setaria, however, the excitatory 
impulse reaches the right side of the organ after 
the positive impulse ; the final efiieot is therefore 
an induced concavity and positive curvature 
(movement towards stimulus). 

B'ig. 139, — Diagrammatic representauion of the effects of direct and indirect 
stimulus on the response of Setaria. Direct stimulation, represented by thick 
arrow gives rise to antagonistic concavities of opposite sides of responding 
hypocotyl, resulting in neutralisation. 

Indirect stimulus represented by dotted arrow gives rise to two impulses^ 
lihe quick positive impulse represented by a circle, and the slower negative 
impulse represented by orescent (concave). 

The results given above enable us to draw the follow- 
ing generalisations ; — 

1. In an organ, the tip of which is highly excitable, 
the balanced state of neutralisation, induced by direct 
stimulation of the responding region, is upset in two 
different ways by two impulses generated in consequence of 
indirect stimulation at the tip. Hence arises two types of 
resultant response : — 

Type A. — If the intervening ' tissue be semi-conductiiig, 
the positive impulse alone will reach the growing region 
and induce convexity of. the, same side of the organ 
giving rise to a negative curvature. 

Type B,— If the intervening tissue be conducting the 
transmission ' nf the excitatory impulse will ^ finally give 
nm to % positive curvature. 


A <. - 

c- 
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; Type B is exemplified by the seedling of SBtaria where 
the traiiBmissioii of excitatory impulse from the tip upsets 
the neutral balance and induces the final positive curvature. 

Example of type A is found in the negative pliototro- 
pism of the root of Sinapis. 

Negative ■ phototropism of root of Sinapis : BJx'perhnent 
iid.-— For investigation' of the negative phototropism of 
the root of Sinapis nigra I took record of its movement 
under unilateral action of light by means of a Recording 
Microscope, devised for the purpose.^ When the root-tip 
alone was stimulated by unilateral light, the root moved 

away from the source of light. This was due to the 

longitudinal transmission of positive impulse to the grow- 
ing region at some distance from the tip. The intervening 
distance between the tip and the growing region is practi- 
cally uon-conducting, hence the excitatory impulse could 
not be conducted from the tip. After a period of rest in 
darkness, I next took record of its movement under 

direct unilateral illumination of the growing region; the 
result Avas at first a positive movement ; but this, on 
account of transverse conduction of excitation under 

continued stimulation, underwent a neutralisation and 
slight reversal* In taking a third record, in which both 
the tip and growing region were simultaneously subjected 
to unilateral stimulation, of iight,^ I ; f ound that a result- 
ant responsive ^iliovement was induced which was away 
from light., 

■ Thus in : the root of Sinapis^ the expansive effect ' of 
indirect : stimulation , of the tip -Is-, superposed on; .that, of 
direct stimulation the growing region,(neutral :or slightly 
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negative). The final result, is thus a movement ; away 
from light or a negative photolropic curvature, 

SUMMAEY. 

The effect induced by stimulus of, light is transmitted 
to a distance, in a manner precisely , the same as in 
other modes of stimulation. 

In the Paniceae, the local unilateral stimulation of the 
tip of the cotyledon induces positive curvature in the 
growing hypocotyl, at some distance, from the tip. This is 
due to transmitted excitatory effect of indirect stimniation ; 
the earlier positive impulse induces a preliminary negative 
cur vatu re^ which is reversed later by the excitatory negative 
impulse into positive curvature. 

Contrary to generally accepted view the hypocotyl not 
only perceives but responds to light. The positive curva- 
ture induced by direct stimulation is, however, neutralised 
by transverse conduction of excitation. 

The effects of direct and indirect stimulus are inde- 
pendent of each other ; the final effect is determined by 
their algebraical summation. 


Oology 
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XXXIY.— ON PHOTONASTIC CURVATURES 


By 

SiR J. 0. Bose, 

Assisted hy 
Guruprasaijjna Das. 

Phototropic response, positive or negative, is determined 
by the directive action of light. But photonastic reaction 
is supposed to belong to a different class of plieiioiiienon, 
where the movement is independent of the directive action 
of light. I shall, however, be able to establish a continuity 
between the tropic response of a radial and the nastic 
movement of a dorsiventral organ. The intermediate link 
is supplied by organs originally radial, but subsequently 
rendered anisotropic by the unilateral action of stimulus of 
the environment. In a dorsiventral organ, owing to ana- 
tomico-physiological differentiation, the responsive movement 
is constrained to take place in a direction perpendicular to 
the plane of separation of the two unequally excitable 
halves' of the organ, ■ Even in. such' a case, it 'will be shown, 
that light -does exert a directive action ; the directum of 



PHOTOHASTIC OUEVATUBBS. 


S79 


movement; will further be shown to he distorted by the 
lateral action of light 


PHOTOTEOPIC EBBPONSE OF ANISOTROPIC OBGim ' 

The different sides of a radial organ, such as the young 
stem of Mimosa^ are equally excitable. The response to 
unilateral light of moderate intensity is therefore positive ; 
owing to equal excitabilities of the two sides the response 
of the opposite sides are alike. Diffuse stimulation there- 
fore induces no resultant curvature. If, however, the plant is 
allowed to form a creeping habit, the excitabilities of the 
dorsal and ventral sides will no longer remain the same. 
Thus in the creeping stem of Mimosa the lower or the 
shaded side is, generally speaking, found to be the more 
excitable. In fact such anisotropic stem oi Mimosa acts 
somevrhat like the pulvinus of the same plant. Diffuse 
stimulation induces, in both, a concavity of the more 
excitable lower half with the down movement of the leaf 
or the stem. 

Experiment 141,-1 took four creeping stem.s of Mimosa 
in vigorous condition and tied them in such a manner that 
their free ends should be vertical. The shaded sides of the 
four specimens were so turned that each faced a different 
point of the compass — east, west, north and south. Subject- 
ed thus to diffuse stimulus of light from the sky, they all 
executed curvatures. The specimen whose under side faced 
the east, became bent towards the east; the same happened; 
to those which faced north, south, and west, that is to 
say they curved towards the north, south, and west respec- 
tively (Fig. liO). The fundamental action by which all 
these were determined was the : induced concavity of the. 
under or normally shaded side, 'which was the more excitable 
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I obtained similar results with various other 'creeping 
stems. 



Pig. 140, — Phofconaatic curvatm-e of creeping stem of Mimosa pudka : in tbe 
central figure the stem is seen to be vertical: action of diftuse light induced 
appropriate curvatures by greater contraction and concavity of the more excitable 
lower or shaded side, as seen in figures to the right(6) and left(c). 


It has been shown that under prolonged unilateral 
stimulation, excitation becomes internally diffused ; this 
gives ■rise "v to an effect similar to , that of external diffuse 
stimulus, ' Under strong ■ light, the shaded ■ side becomes 
concave, and thus press against the ground or the support ; 
this will 'he the characteristic response of creeping stems in. 
which ■ 'the : 's is, , the more, excitable. The facts, 

given above will probably explain the response of midribs 
of leaves, of the creeping stem of Z'l/swiac/n’a, all of 
which, in response to the action of strong light acting 
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from above, exhibit concavity of the shaded 'and niore. 
excitable side. 

RABA-HELIOTROPISM. 

Under strong sunlight, the leaflets of various plants moTe 
sometimes upwards, at other times downwards, so as to 
place the blades of leaflets parallel to incident light. This 
‘midday sleep’ has been termed para-heliotropisni by 
Darwin. It has been thought that para-Iieliotropio action 
has nothing to do with the directive action of light 
since many leaflets either fold upwards or downwards, 
irrespective of the direction of incident light. I shall 
for convenience distinguish the leafl.ets which fold upwards 
under light as positively para-heliotropic, and those which 
fold downwards as negatively para-heliotropic. This is 
merely for convenience of description. There is no specific 
irritabality which distinguishes one from the other. 

POSITIVE PARA-HELIOTEOPIBM. 

Pora-heliotropic response of Erythrina indica mid of 
Oiitoria ternatea : Experiment 142 , — For the purpose of sim- 
plicity I have described the type of movement of these 
leaflets as upwards; but ' the actual direction in which the 
leaflets point their apices is towards the sun. Both the 
plants mentioned here are so remarkably sensitive that 
the leaflets follow the course of the sun, in such a way 
that the axis of the cup, formed by the folding leaflets 
at the end and the sides of the petiole, is coincident with 
the rays of light. The pulvinus makes a sharp curva** 
ture which is concave to light, the blade of the leaflet 
being parallel to light. I have taken record of contiiinoas 
action of strong light acting on the responding pulvin iis 
of the leaflets from above. ■, The result . is' an increasing 
positive ciirvature which reached a limit (Fig. 141). There 
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was , no Eentraiisatioii or reversai, demonstrating the absence 
of ' transverse coiidnction (c/. Fig, 132), 



Fm. 141. — Positive psra-heliotropic response of leaflets of Enjihrim imlica. 

' Pdf a^heliotropic movement of leaflets of Mimosa pndica : 
Experiment 143 . — These leaflets, as previously stated, fold 
themselves upwards, when strongly illuminated either from 
above or below. Diffuse electric stimulation also induce a 
closing movement upwards ; hence the upper half of the 
pulvinule of these leaflets are the more excitable. In order 
to obtain a continuous record of the leaflet under the 
action of unilateral light, I constructed a very delicate 
recording lever magnifying about 150 times. Light of 
moderate intensity from a 100 candle-power incandescent 
lamp was applied on the less excitable lower si^e of the 
pulvinule. The record (Fig. 142) shows that the imme- 
diate response is positive, or a movement towards the light. 
But owing to transverse conduction, through the thin and 
highly conducting pulvinule, the response was quickly 
reversed into a very pronounced negative, or movement 
away from light. Had a delicate means of obtaining 
magnified record not been available, the slight positive 
twitch, and the gradual transition from positive to nega- 
tive phototropic curvature would have passed unnoticed. 
Application of light from above gave, on account of the 
greater excitability of the upper half of the pulvinule, a 
pronounced positive response or movement towards light. 
The anomaly of an identical organ appearing as positively 
heliotropic when acted by light from above, and negatively 
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lieiiotropic wlieii acted -from below, ' is now fully removed^ 
Tiie response of the leaflets is also seen to :be determined 
by tbe directive action of' light, though - the short-lived 
response of the less excitable lower side is quickly mashed 
by the predominant reaction of the more excitable upper 
side of the organ. 



Fig. 142. Fig. 143. 


Fig. 142.— 'Eesponse of leaflet of Mimosa to ligM applied below : transient 
positive followed by prOEOLinced negative curvature. 

Fig. 143. — Eespoiise of leaflet of Averrhoa^ to light applied above : transient 
positive followed by pronounced negative curvature. 

U p-curve represents up-movement, and down-curve, do wn-mo vement. 

HBaATITE PARA-HBhiOTROPISM, 

Response of leaflet of Averrhoa carambola : Experiment 
144 . — The leaflets of this plant, and also those of Biophyt.um 
sensitivum fold downwards under action of strong light, 
applied above or below. In these leaflets diffuse electric 
stimulation induce a fall of the leaflets demonstrating the 
greater excitability of the lower half of the pnlvinuie. The 
analysis of reaction under light is rendered possible from. 
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the record of ' response of leaflet of -4t;^rr/ioaj given in Fig* 
■143* Light' o'f moderate intensity from an incandescent 
electric lamp acted from above the result was a feeble and 
short-lived positive response, quickly reversed' to strong 
negative by transmission of excitation to the more excit- 
able lower side* Illumination from below gave rise only to 
strong positive response. Thus in Averrhoct the effect of 
continuous light applied above or below is a downward 
movement ; , in Mimom the movement Is upwards. The 
explanation of this difference lies in the fact, ■ that in 
Mimom leaflet it is the upper half of the pulvinule that 
is more excitable; while in Averrhoa and in Biophytum 
the lower is the more excitable half of the organ. 

Asa summary of the tropic action of light I shall give 
diagrammatic representations of various types of phototropic 



Fig, 144,~-Diagraminatic representation of different types of piiototropic 
response. . (See text.) 

response, mcliiding the photonastic (Fig. 144), The direc- 
tion of ilie'Varrow indicaTes the direction . of incident light. 
Dotted specimens ' are those which possess' transverse conductivi-' 
ty* Thick lines 'represent the inore: excitable side of an ' aniso- 
tropic or „ dorsiventral nrgan.'''’ '.The 'size of'dhe .circies,;.' with 
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positive End -negative signs, represents the ■ ampliticide, 
and, sign of curvature. 

a. Eadial thick organ, in which transverse coiidnctioB 
is absent Curvature is positive^ movement to- " 
wards light. The result will be similar when, light 
strikes in an opposite direction, from right 
to left. 

h. Radial thin organ. There is here, a .possibility of 
transverse conduction. Sequence of curvature : 
posUive^ neutral^ and negative. Reversal of 
direction of light gives rise to similar sequence 
of responses as before (e.g., seedling of Sinapis). 

c. Anisotropic thick organ ; transverse conduction 

possible. Thick line represents the more excitable 
distal side. Sequence of curvature : positive, 
neutral and pronounced negative. When light 
strikes from opposite direction on the more 
excitable side the curvature will remain positive, 
since the pronounced reaction of the more excit- 
able side cannot be neutralised or reversed by 
transmitted excitation to the less excitable distal 
side (e,g,^ leaf of Mimosa), 

In the absence of transverse conduction^ curvature 
remains positive oi Erythrina), 

d. Anisotropic tbin organ with high transverse con- 

ductivity. Sequence of curvature: transient posi- 
tive, quickly masked by predominant negative. 
Light striking on the more excitable side will 
give rise only to pos'itive. The response in rela- 
tion to the plant, will apparently be in the same 
direction whether light strikes the organ on one 
side or the opposite leaflets of 

Averrhoa Biophgtum), 

I have shown that tissues in sub-tonic condition exhibit 
an acceleration of the rate of growth under stimulus (p. 224) 
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the corresponding tropic reaction would therefore /tie away 
from stiinains or mgcitive curvature* Tlie tonic condition 
is, however, raised to the normal by the action ' of stimu- 
ins itself, and the tropic curvature becomes positive, 

I give below a table which will show at a glance all 
possible variations of phototropic reaction. 


TABLE XXX i. — MBOHANIOAL RESPONSE OF PUL VINA TED AND GBOWINO 
ORGANS UNDER LIGHT. 


Beecripnonof ' j E if eefc observed. 


I Tissue sub- Stimulus causes increase of j Expansion or enhanced rate of 

ionic, internal energy. | growth, e.g.^ Fileus of Copnnus 

drooping in darkness, made 
re-turgid by light. Eenewed 
growth of dark rigored plant 
exposed to light, 

II Normally A 1. Moderate light, causing 1. Curvature towards light, e.^., 

excitable excitatory contraction of flower bud of Crinuni. 

organ proximaf and positive expan- 

under uni- sion of distal, 

lateral A 2. Strong light. Excitatory 2. Neutralisations, seedling 

light. effect transmitted to distal, of Setaria, 

A. Organ neutralising first. 

radial. A B. Intense and long-contiuu- 3. Eeversed or negative response, 

ed light- Fatigue of proximal e. <7., seedling of .Lays, 
and excitatory contraction of 
distal. 

B. Dorsi- B 1. Excitatory contraction of 1. Positive response, e.<7., up- 

ventrai proximal predominant, owing ward folding of leaflets' in so- 

organ. either to greater excitability called “ diurnal sleep ” of Ery- 

of proximal or feeble transverse thrina indim and ClUm'ia 

conductivity of tissue. ternatea, 

B 2. Transmission of excitation 2. Negative response, e.y., down- 
through highly conducting ward folding of leaflets in so- 

tissue to more excitable lower called “ diurnal sleep ” of EtV 

or distal. (Greater contraction phytnm ADerr hoa . 
of distal. . . 

III Ehythmic Considerable absorption of Initiation of multiple response 

tissue. energy, immediate or prior. in Hesmodi'am yyra?is previous- 

ly at standstill; multiple 
response under continuous 
action of light in EsopAy^ian. 


BUMMAEY. 


There is 110 , line ■ of demarcation between tropic and 
nastiC' movements. : : ■■ 
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: In a differentially excitable organ the effeot of strong:: 
unilateral stimiilos becomes internally diffused, and causes; 
greater contraction of the more ■ excitable side of the^ 

organ* 

In the absence of transverse conduction, the positive 
curvature reaches a maximum without neutralisatioii or 
reversal. The leaflets of Erythrma indica and of 

Glitoria ternatea thus fold upwards, the apices of the 
leaflets pointing towards the sun. 

Internally diffused excitation under strong light induces 
greater contraction of the more excitable half of the 

pulvinule, causing upward folding of Mimosa leaflet, and 
downward folding of the leaflets of Biophytum and 
Averrlioa* 
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CURVATURE 


1 


By 

SiE J. C. Boss, 
Assisted hy 

Gueupbasanna I) as. 


SBASOHiL CHANGE OF PHOTOTKOPIC ACTION. 

Sachs observe'l a positive phototropic curvature in the 
steins of Tropmolum 7najus in autumn ; but this was 
reversed into negative in summer ; similarly in the 
hypocotyl of Ivy, the positive curvature in autumn is 
converted Into negative curvature in summer. 

Certain organs are apparently insensitive to the action 
of light Thus, no phototropic response is found in the 
tendril ^ Passiflora even under the action of strong 
light -The ' tendrils of : ' . and Ampelopisis : exhibit, 

according to 'Wiesner, positive phototropism under, feeble, 
and negative phototropism under strong light. 

The anomalies:; referred ' to >bove may be explained by 
taking into consideration the modifying influence of 


I SHAlili in this chapter deal with certain anomalies in 
phototropic curvature, brought about by variation of tem- 
perature and by seasonal change ; certain organs again 
are apparently erratic in their phototropic response. 
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temperature on the excitability, - and the conductivity of 
the organ* 

EFFECT OF TEMPERATURE ON BXCITABIHTY. ■■ 

The excitability of^ an organ is abolished at a low 
teniperature ; it is enhanced' by a rise of teinperatiire- up 
to an optimum. The temperature minimum and optimum 
varies in different tissues. The following table shows 
the eiihaiicement of ■ excitability of 3Iiinosa at different 
temperatures, " the testing stimulus being the' same. 

lA'BLB XXXII— SHOWmO VARIATION OF EXCITABILITY OF P0LVIN0S OF 
, mom AT DIFFERENT TEM'PERATIJBES. ' - 


Temperature. 

Amplitude of response. 

2200. 

2 divisions. 

j 2700. 

-v 

! 32°C. 

,, 

f . ' ' ' 


Below 20^G. , the, excitability ■ of., .the pulvinus, of Mimosa,, 
is practically abolished. The excitability increases till an 
optimum temperature is- reached, above wMch it undergoes 
a decline. , 

Though rise of temperature enhances excitability , up 
^to an optimum, there is an antagonistic reaction induced 
by it which opposes' the' excitatory contraction. The 
phyBiological ,, re.action of. "a 'rise', of temperature,' within 
normal .range, ,is' expansion and this must oppose the,, 
contraction induced . by ..stimulus, . Hence '.the e'lfeot ..-of. 
.rise , .. of femperature is -complex.; it enhances, the, excita-. 
bility which.. favG.urs contraction, ' while ..tending to, .oppose 
this ^ ' contraction . 'by .'the . induced pliysiologi.cal expansion. 
As a result of these opposite reactions there will be a 
oriti-cal temperature, below '- which the contractile effect 
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will relatively? be greater than expansion ; above the 
critical ^ point, expansion will be the predominant effect. 
The critical temperature will obviously be different in 
different organs. The positive curvature may ' thus be 
increased by a slight rise, while it may be neutralised, or 
even reversed by a greater rise of temperature. 

The induced variation of excitability due to change of 
temperature is not the only factor in modifying tropic 
curvature, for variation of conductivity also exerts a 
marked effect. 

EPPEGT OF TBMPEBATUBE ON CONDUCTION. 

The conducting power of an organ is greatly enhanced 
with rise of temperature. Thus in Mimosa the velocity of 
transmission of excitation is doubled by a rise of tempera- 
ture through 9^0. (p. 100). An organ which is practically 
non-conducting at a low temperature will become conducting 
at a higher temperature. 

Thus at a low temperature the organ may be non- 
conducting, and the excitatory contraction under unilateral 
stimulus will remain localised at the proximal side ; this 
will give rise to a positive curvature. But under rising 
temperature, the power of transverse conduction will be 
increased and the excitation will be conducted to the 
distal side. The result of this will be a neutralisation or 
reversal into negative curvature (p. 139). A positive 

curvature is thus reversed into negative by change of 
excitability and conductivity, induced by rise of tempera- 
ture j examples of this will be given presently. 

: ■ ' FHOTOTEOPIC RESPONSE OF' TENDRILS. ' ' 

I shall here adduce considerations which will show that 
the apparent anomalies regarding the response of tendrils 
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to light, is due , to the variation of transverse 'conductivity of 
the ,organ. , In a semi-conduotiiig tissue, while the excitatory 
effect of feeble stimulus remains localised at the proximal 
side, the effect of stronger stimulus is coodacted to the , distal 
side. This explains the positive phototropio curvature hf 
tendrils of Vitis Ampelo2m$ under feeble light, and 

its reversal into negative curvature under intense light. 


As the conducting power is increased with rise of tem- 
perature it is evident that at a certain temperature the 
tropic effect will be exactly neutralised by transverse con- 
duction. Lowering of temperature, by reducing the trans- 
mission of excitation to the distal side, will restore the 
positive curvature. Enhancement of conduction under rise 
of temperature will, on the other hand, increase the anta- 
gonistic reaction of the distal side and give rise to 
a negative curvature. 

1 shall in verification of the above, describe experiments 
which I have carried out on the phototropic response of 
the tendril of Passifiora, supposed to be insensitive to 
the action of light. 

Phototropic resj^onse of the ■ -tendril' of Passiflora : 
Experiment 145 , — The tendril was cooled by keeping it 
for a long time in a cold chamber, maintained at 15'^C. 
The effect of unilateral light on the cooled spacimeii was 
found' to be positive ; ■ .the ; tendril was next, alkmed, to 
assume ■ the temperature’ of the room which was 30^0. 
The response was - now .found . to have undergone a, change 
.intO ' negative. , The " positive. ' ■ and -negative phototropic 
curvatures of aii;. identical .organ at different temperatures is 
.seen .in .the two Tecords ..given, in figure 145. Neutralisation 

' 30 , 
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takes place at an intermediate temperature, and the organ 
thus appears insensitive to light. 

SEASONAL VAEIATION OF PHOTOTROPIC CURVATURE. 

Eeference has been made of the phototropic curvature 
of Tropmolum and of Ivy undergoing a change from 



Fig. 145*— (a) Positive curvature of tendril of Passiflom at 15^C. ; (5) negative 
phototropic curvature at 80® C. 

positive in antnmn to negative in summer. The expert* 
ment described above shows that rise of temperature, by 
eiihancing transverse conductivity, transforms the positive 
into negative heliotropic curvature. The reversal of the 
phototropic curvature of Tropmolum and Ivy, from positive^ 
in autumn to negative in summer, finds a probable explana- 
tion in the higher temperature condition of the latter 
season* This inference finds independent support from the 
fact previously described (p, 100) that while the velocity of 
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conduction of ^ excitation in - the petiole , of - Mimosa Is as 
high as 30 mm, per second in' summer,' It is reduced to 
about 4 mm, in late autumn and early winter. 


ANTAGONISTIC EFFECTS OF LIGHT AND OF RISE 
OF TEMPERATURE. 

I ha¥e explained the complex effect of rise of temperature 
on phototropic curvature. Rise of temperature, within 
limits, enhances the excitability, and therefore the positive 
curvature under light. Its expansive reaction, on the other 
hand, opposes the contraction of the proximal side, which 
produces the normal positive curvature. Rise of tempera- 
ture, as previously stated, introduces another element of 
variation by its effect on conductivity. Transverse conduc- 
tion favoured by rise of temperature promotes neutralisation 
and reversal; the resultant effect will thus be very 
complicated. I give below account of an experimeid where 
the induced positive curvature under light underwent a 
reversal during rise of temperature. 

Reversal of tropic curvature under rise of temperature : 
Experiment 146, — The specimen employed for this experiment 
was a seedling of pea, enclosed in a glass chamber, the 
temperature of which could be gradually raised by means of 
an electric heater. Provisions were made to maintain the 
chamber in a humid condition. The temperature of the 
chamber was originally at 29°C., and application of light on 
one side of the organ gave rise to positive curvature, followed 
by complete recovery on the cessation of light (Fig. 146a). 
The 'next experiment was carried out with the same: specimen ; 
while the plant was, undergoing ■ increasing positive curvature 
under the continued action of light, the temperature of the 
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chamber was gradnally raised from 29° to 33°C. at the poiat 
marked with arrow. It will be seen that the positive curvature 
became arrested, neutralised, and finally reversed into negative 
(Fig. 146b). 



Fig. 146.~~Effeor. of rise of tempcrat-ure on phototropic curvature, (a) normal 
positive curvature followed by recovery, (6) reversal of positive into negative 
curvature by rise of temperature at (H). (Pea seedling). 

After-effect of rise of temperature : Experiment 7.~Tlie 
after-effect of rise of temperature exhibited by this specimeo 
was extremely eurioits. The temperature of the chamber was 
allowed to return to the normal, and the experiment repeated 
after an hour ; the response was now found to be negative 
(Fig« 147a), It appeared probable that the temperature in the 
interior of the tissue had not yet returned to the normal, and 
an interval of four hours was therefore allowed for the res- 
toration of the tissue to the normal temperature of the room. 
The response still persisted to be negative, as seen in the series of 
records obtained under successive stimulations of light of short 
duration ; these negative responses exhibited recovery on the 
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cessation of light (Fig. 147b). This reversal of response as an 
after-effect of rise of temperature was in this case found to 



Fig. 147. — ^After-effect. of rise of temperature, persistent negative curvature : (a) 
response one hour after rise of temperature; (.&) series of negative responses after 
4 hours (successive stimuli applied at vertical lines). 


persist for several hours. I experimented with the same speci- 
men next day when the response was found restored to the 
normal positive. 


SUMMARY. 

Rise of temperature, within limits, enhances the general 
excitability of the organ. This has the effect of increasing 
positive phototropic curvature. But the physiological expan- 
sion induced by rise of temperature exerts an antagonistic 
effect. 

The transverse conductivity is increased with the rise of 
temperature ; this favours neutralisation and reversal of photo- 
tropic curvature, ^ 

Tendrils of Pmniflofa, supposed to be phototropicaUy 
insensitivev exhibit positive curvature at low, and negative cur- 
vature at a moderately high temperature. 
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The change, of - photoiropic , curvature exhibited ' by 
Tropmlum majus and Ivy, from positive in autumn to 
negative in suninier, is probably due to the effect of tern-” 
:perature* ' ; Higher temperature .with enhanced ' transverse 
'cdnductivity in summer, may thus- convert positive into 
negative curvature, 

■The physiological effects , of- rise of temperature and the 
stimulus of light are antagonistic to each other. 

Rise of temperature tends to neutralise or reverse the 
positive phototropic curvature. The after-effect of temperature 
is often very persistent. 


XXXYI— ON PHOTOTROPIC TORSION 


By 

Sir J. C. Bose, 

Assisted by 

SURBNDRA Chahdra Das. 

I2f addition to positive ^or negative curvatures light 
induces a responsive torsion. With regard to this Jost 
says : — 

“ The mechanics of the torsions have not as yet beenfiiliy 
explained. It has long been believed that these torsions were 
occasioned only by the action of a series of external factors, 
such as light, gravity, weight of the organ which individually 
led to curvatures, but in combination induced torsions ; but 
later investigations have shown that torsions might appear 
when light only was the functional external factor. ... If ibe 
torsions cannot generally be regarded as due to the combina- 
tion of two curvatures, we are completely in the dark as to the 
mechanics of their production.”*' 

A leaf when struck laterally by light undergoes a twist, so 
that the upper surface is placed, more or less, at right angles to 
the incident rays; as no explanation was available for this 
movement, the suggestion has been made that the particular 
reaction is for the advantage of the plant. I shall presently 
show, that it is possible to reverse this normal torsion .and 
thus make the upper surface of the leaf move away from 
light. 


p. 465, 
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Th€^ experiments wliicli I shall praseEtly describe willv 
it is hoped, throw light on the obscure pheiioiiienoii, I shall 
be able to show : 

(1) that the torsional response is not dependeiii on the 

combination of two curvatures, 

(2) that it is also independent of the effect of weight, 

(;1) that it may be induced not merely by stimulus of 

light but by all forms of stimulation, 

(4) that the direction of the torsional response depends 

on the direction of the incident stimulus and the 

differential excitability of the organ, and 

(5) that there is a definite law which determines the 

torsional movement. 

EXPERIMENTAL ARRANGEMENTS, 

I shall first describe a typical experiment on the responsive 
torsion under the action of light. We have seen that in the 
pulvinus of Mimosa^ light of moderate intensity and of short 
duration applied on the upper half induces a slow iip-move- 
ment, while the stimulus of light applied below induces a more 
rapid down-movement. The difference is due to the fact that 
the lower half of the puivinus is relatively the more excitable. 
Vertical light thus induces a movement in a vertical plane. 
But an interesting variation is induced in the response under 
the action of lateral light. A stimulus will be Cd.lled lateral 
when it acts on either the right or left flank of a dorsiventral 
organ. We shall presently find that a doriiventrai organ 
responds to lateral stimulus by torsion. 

: The present series of experiments were carried out with the. 
leaf of Afimosa, and in order to eliminate the effect of weight 
and also for ebtaining record : of pure torsion, I employed the 
following : devi'ce.; ■ 'The petiole; was ; enclosed in a hooked 
support ;inade of dhln.Tod of glass, , the. .petiole , resting on -the 
concavity of the ; 'smopth ^ : s Friction and the 
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effect of weight is thus practically eliminated ; the looped 
support prevented lip or' down movements, and yet allowed 
perfect freedom for torsional response. ■ This latter is magnified 
by a piece of stout aluminium wire fixed' at right angles to the 



Pig, 148. — Diagrammatic representation for record of torsional response, H, thin 
glass hook : A, aliimimim wire attached to petiole for magnification of torsional 
movement. T, silk thread for attachment to recording lever. 

petiole (Fig, 148). The end of the aluminium wire is attached 
to the short arm of a recording lever ; there is thus a com- 
pound magnification of the torsional movement. The Oscillat- 
ing Recorder gave successive dots at intervals which could be 
varied from 20 seconds to 2 minutes. Time-relations of the 
response may thus be obtained from the dotted record. 

With the experimental device just described, we shall be in a 
position to study the effect of various BtimuU applied at one 
flank of the pulvinus-— at the junction of the upper and lower 
halves of the organ, ■ The observer standing' in front of the 
leaf is supposed to look at ihe stem. Torsional response will 
then appear as a movement either with or against .the hands of 
the clock. The torsional response, right-handed or left-handed. 
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will presently be sbown to depend on the direction of inoldent 
stimulus. In figure 149 , ■. anti-clockwise torsion is recorded 
as an np-ciirve ; clockwise' rotation is recorded as a down- 
curve, 

ACTION OP STIMULUS OP LIGHT. 


Experiment 148.— The pnlvinns of the leaf was stimu- 
lated by a horizontal beam of light thrown in a lateral 
direction ; the areas contigiions to line of junction of the 
upper and lower halves of the anisotropic organ thus under- 
went differential excitation. When light struck on the left 
fiank, the responsive torsion was anti-clockwise ; the respon- 
sive reaction thus made the tipper and the less excitable 
half of the pulvimis face t the stimulm. Figure 149 gives a 



Fio. 149.— -Record of torsional response of pulvinus of Mimosa pudica. 

record of the torsional movement when light struck the 
left flank of the organ; on the cessation of stimulus the 

I i\ 

resptinse is followed by recovery, 

\ BIEEOTIVE ACTION OP STIMULUS. 

Experiment 149. — If now the direction of stimuius be 
changed teo that light strikes on the right flank instead 
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of the left, the responsive torsion is foimd to be reversed, 
the direction of movement being clockwise. Here also the 
responsive movement is such that it is the less excitable 
upper half of the organ that is made to face the stimulus. 
It will thus be seen that the torsion, anti-clockwise or 
clockwise, depends on two factors, namely the direction of 
stimulus, and the differential excitability of the organ. 

EFFECT OF DIFFERENT MODES OF LATERAL STIMULATION. 

I shall now proceed to show that the torsional response 
is induced not merely by the action of light, but by all 
forms of stimulation. 

Effect of chemical stimulation: Etperimeni 150 , — Dilute 
hydrochloric acid was at first applied on the left flank 
of the pulvinus along the narrow strip of junction of 
the upper and lower halves. This gave rise to a respon- 
sive torsion against the hands of a clock. Chemical 
stimulation of the right flank induced, on the other hand, 
a torsional movement with the hands of a clock. Here 
also the direction of stimulus is found to determine the 
direction of responsive torsion. 

Effect of thermal radiation : Experiment 16L—1 next 
employed thermal radiation as the stimulus; the source of 
radiation was a length of electrically heated platinum 
wire. It is advisable to interpose a narrow horizontal 
slit, so as to localise the stimulus at the junction of the 
upper and lower halves of the pulvinus. Stimulus applied 
at the left flank induced left-handed or anti-clockwise 
torsion ; application at the right flank gave rise to right- 
, handed torsion, 

; , Geotropic ' stimulm.—T'hB stimulus of gravity induces,, 
'as' I . shall^ show in a subsequent chapter, a ' similar 
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responsive torsion, fclie direction-, of' wliicli is determined 
' by the direction of the incident' stimiilos. 

EFFECT OF DIFFERENTIAL EXCITABILITY OK, THE 
DIESGTION OF TORSION. 

Under normal conditions, the torsional response under 
light places the. upper surface of the leaf or leaflets at 
right angles to .light. That this movement is not doe 
to some specific sensibility to light is shown by the 
fact that all modes of stimulation, chemical, thermal or 
gravitational, induce similar responsive torsion. The tor- 
sional response is, moieover, shown to be determined by the 
direction of incident stimulus, and the differential excita- 
bility of the organ. This latter may be reversed by the 
local application of various depressing agents on the nor- 
mally more excitable lower half of the pulvinus. Under 
this treatment, the lower half of the pulvinus may be 
rendered relatively the less excitable. Lateral applica- 
tion of light now induces a torsional movement which is 
the reverse of the normal, so that the upper surface of 
the leaf moves away from light. The advantage of the 
plant cannot, therefore, be the factor which determines 
the directive movement ; the teleological argument often 
advanced is, in any case, no real explanation of the 
phenomenon. 

In all the instances given above, and under every 
mode of stimulation, the responsive movement makes the 
less excitable half of the pulvinus face the stimulus. The 
torsional response is, in reality, the mechanical result of 
the differential contraction of a complex organ, which is 
fixed at one end and subjected to lateral stimulation. 
I have been able - to ■ verify ' -this, by the' " construction ■ of ■ 
an artificial pulvinus consistmg of a compound strip, the 
upper half of which is ebonite, and lower half the more 
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contractile 'Stretched Iiidia-rubber if such ■ a strip; be held 
securely at one end in a clamp, and if the lateral :flaiik, 
consisting half of ebonite and half of India-rubber, be 
subjected to radiation, and record taken in the usual 
manner, it will be found that a torsional response takes 
place which is similar to that of the pulvinus of Mimom. 
The above experiment was devised to offer an explanation 
of the mechanics of the movement. It should, however, be 
borne in mind in this connection that the torsional 
response of pulvinus is brought about by differential 
physiological contraction of the organ, the movement being 
abolished at death. 

From the results given above, we arrive at the follow- 
ing 


LAWS OP TORSIONAL RESPONSE. 

1. An ANISOTROPIC ORGAN, WHEN LATERALLY EXCITED 
BY ANY STIMULUS, UNDERGOES TORSION BY WHICH THE 
LESS EXCITABLE SIDE IS MADE TO PACE THE STIMULUS. 

2. The intensity op torsional response increases 

WITH THE DIPPERBNTIAL EXCITABILITY; WHEN THE 
ORIGINAL DIPPERENOE IS REDUCED, OR BBYERSBI), THE 
TORSIONAL RESPONSE UNDERGOES CONCOMITANT DIMINU- 
TION OR REVERSAL.' 

Having thns established the laws that guide torsional 
response, I shall try to explain certain related phenomena 
which are regarded as highly obscure. I shall also des- 
cribe the application of the method of torsional response 
in various 'investigations. 

COMPLEX TORSION UNDER LIGHT. ■ 

The,: leaves of the ; so-called ' Compass plants ’’ exhibit 
very complex movements, these being modified according to 
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the intensity of incident light. . Thns in compass plants the 
leaves, under inoderate' intensity of light in the morning 
or ill the evening, turn themselves so as to expose their 
surfaces to the incident rays. But under intense sun light, 
the leaves perform bendings and twistings so that' they 
stand , at profile at. midday. 

I, have not yet been able to secure ^‘Compass plants’® 
at Calcutta. I shall, however, describe my investigations on 
the complicated tonsional movements exhibited by certain 
leaflets by the action of vertical light. The results 
obtained from these will show that torsional movements, 
even the most complex, are capable of explanation from 
the general laws that have been established. 

Torsional movement of leaflet of Cassia alata ; Experi- 
ment 15B , — These leaflets are closed laterally at night but 
place themselves in an outspread position at day time. 
The character of the movement is, however, modified by 
the intensity of light. With moderate light in the morn- 
ing the leaflets open out laterally. But under more intense 
light, the pulvimiles of the leaflets exhibit a torsion by 
which the formerly infolded surfaces of the leaflets are 



FlO. i50,--*Leafiefcs of Cassia; alata : opon in daytime, and closed in evening. 

exposed at right angles to light from above (Fig. 150) 
Such complicated movements, in two direcrions of space, are 
also exhibited by other leaflets which are closed at night 
in a lateral direction. 
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For obtaining an explanation of these complex move- 
ments under different intensities of light, we have first to 
discover the particular disposition of the two halves of 
the pnlviiiiile which are unequally excitable; we have next 
to explain the responsive movements under the directive 
action of moderate and of intense light. 

Determination of differential excitahilities of the organ : 
Experimeni 155.— In the leaflet of Cassia the movement 
of opening under diffuse stimulation of light can only be 
brought about by the contraction of the outer half, which 
must therefore be the more excitable. This is indepen- 
dently demonstrated by the reaction to an electric-shock. 
On subjecting the half closed leaflets to diffuse electric 
stimulation, they open outwards in a lateral direction. 
The disposition of the unequally excitable halves of the 
pulvinule is thus different from that of the main pulvinus 
of Mimosa, In the latter, the plane that divides the two 
halves is horizDiital, the lower half being the more excitable. 
Thus in the pulvinule of Cassia the plane that separates 
the two unequally excitable halves is vertical, the outer 
half being the more excitable * than the inner. By inner 
half is here meant that half which is inside when the 
leaflets are closed. 

Effect of strong vertical light: Experiment 154,— 
When the plant is placed in a moderately lighted room^ 

the leaflets open out laterally to the outmost. This is 

brought about by the contraction of the more excitable 
outer half of the organ. If strong light be thrown down 
from above, a new movement is superposed, namely, of 
torsion by which the leaflets undergo a twist and thus place 
their inner surface at right angles to the vertical light. 
In order to investigate this phenomenon in greater detail I 

placed the plant in a well lighted room, the leaflets 

being three quarters open under the diffuse light. A v^^^^ 
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iiglit index was attaolied to the leaflet for ' magnifying the 
subsequent torsional movement. ■ A\ strong beam of parallel 
light from an arc lamp . was .thrown down on the pnlvi- 
iiiile from, above ■; this fell at the junction : of the more 
.excitable outer with the less excitable inner half of 

the ■ organ, the plane of . reparation of the . two unequally 
excitable halves being, as previously explained, vertical. 
I have shown that under lateral stimulation, a differentially 
excitable organ undergoes torsion by which the less excit- 
able half is made to face the stimulus. Since it is the 

inner half of the organ that is the less excitable, the 
attached leaflet becomes twisted so as to expose its (former 
infolded) sarface upwards, at right angles to the incident 
light. 

As a confirmatory test, strong light w^as made to strike 
the pulvinule from Mozt’ with the result that the leaflets 
exhibited an opposite torsion by which their surfaces faced 
downwards, so as to be at right angles to light that struck 
them from below. 

Under normal conditions : sunlight comes from above; 
stimiilatioii thus takes place at the junction of the two 

differentially excitable halves of the organ, the plane of 

separation of which is verticaL The torsion induced makes 
the less excitable inner half turn in such a way that the 
inner surfaces of the leaflets are placed perpendicular to 
the ' incident light. ■ . 


^ ' ALVANTAGrES" OP' THE . METHOD. OF' TORSIONAL RBSPONSB: 

The torsional response' ' not- only affords a new . method 
of enquiry on the ' reaction '.of 'various stimuli,;' ■ ■ but it -also 
possesses certain advantag.es,. ' For instance 'in studying .the 
response of the leaf of Mimosa under light, the records were 
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taken , of the ' m of the leaf in a vertical :: plane. But 

the responsive np-movement, induced by light acting from 
above, is opposed by the weight of the leaf. But in the 
torsional response, the leaf rests on the hooked glass 
support and the movement is thus free from the compli- 
cating factor of the weight of the leaf. Again the piilvinus 
of liimosa, for example, is sometimes subject to spontaneous 
variation of turgor, on account of which it exhibits an auto- 
nomons up or down movement. In the ordinary method of 
record the true response to external stimulus may thus be 
modified by natural movement of the leaf. But in the 
torsional method, the autonomous up or down movement is 
restrained by the hooked support, and the response to lateral 
stimulus is unaffected by the spontaneous movement of the 
leaf. The torsional method, moreover, opens out possibilities 
of inquiry in new directions, such as the comparison of 
the excitatory efi*ects of different stimuli by the Method of 
of Balance, and the determination of the effective direction 
of geotropic stimulus. 


THE TORSlONAIi BALANCE. 

A beam of light falling on the left flank of the pul vi- 
Eus of Mimosa induces a torsion against the hands of the 
clock, A second beam falling on the right flank opposes 
the first movement ; the resultant effect is therefore 
determined by the effective stimulation of the two fiaiiks. 
The pulvinns thus becomes a delicate index by which 
two stimuli may be compared with each , other. The follow- 
ing experiment is cited as an example of the application of 
the method of phototropic balance, 

. Ex^erimmt 156 .— of light from ' a small 
arc lamp passing through blue glass falls on the left flank 
of the pulvinus ; , beam of blue ,liglit also: strikes the 
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PuMehb froili tlie rigM side, .ami tM intensity of, the latter , 
is so adjusted- that the resultant- torsion : is zero, ; Blue glass 
is now removed from the left -side, the ' -iinobstructec! white 
light being allowed to fail on the ' left flank of the ■ pol- 
vinus. This was found to upset the balance, the resultant 
torsion being anti-clockwise. ' -This -showed that white' light 
induced greater excitation ' than blue light. We next inter- 
pose a red glass on ■ the left side, with the result that the 
balance is upset in the opposite" direction. This is because 
the phototropic effect of red light is comparatively feeble. 
We may thus' compa.re the ' tropic ■ effect . .-of , one form of 
-stinxuluB .against a totally-' different form, phototropio against 
geotropic action for example. It is . .enough, here , to .d.raw 
attention to the various investigations rendered possible by 
the method of . balance. Concrete, ■ examples of . 'some of 
these .will be given in a' subsequent .chapter. ., 


: DETEEMIKATIOH OF 'THE BIEEOTIO'N OF STIMULUS, ' ' ' 

:. T have- shown .that , the .torsion,, clockwise or, anti-clock- 
wise, is determined .by the 'direction of ■ i.ncident stimulus, 
,H.ence,;it would ,be possible - to ^ , determine the direction of 
Incideni ,stiin,uius. ,-,from. the .observed .torsional .,, movement* 
In the case, of , light, ,’ the d.irection . of incident stimulus 
is quite apparent.. But it - is difficult ..to deterinine the direc- 
..tiou of stimulus .which is''-it.self invisible. . .In such cases, 
the ...torsional mov.ement -, gives us. infallible indication of 
the ■effective direction of stimulus. The -application of this 
priacipie: wUr be, -later chapter. 


' , :SUMM-AEY,; 

■ -Lateral stimulus ' induces :a' torsional response, in. a dorsi- 
ventral organ.' . This.-; ' true of all modes of stimulation. ' 
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The responsive torsion is. ■determined ' by the- direction 
of incident stimulus, and the differential excitability of two 
halves of the organ, the torsion being such that the less 
excitable half of the organ is made to face the stimulus. 

The twist ■ exhibited by various leaves and leaflets ' under : 
light finds its explanation from the demonstrated laws of 
torsional response. 

The direction of incident stimulus may be determined 
from the responsive torsion of a dorsi ventral organ. 

The Method of Torsional Balance enables us to compare 
the excitatory efficiencies of two difl'erent stimuli which 
act simultaneously on the two flanks of the organ. 


XXXTIL— RADIO-THERMOTROPISM 


By 

■ 'Sm J. C. Bosb, 

Assuted by 

Guruprasanna Das, 

We have studied the tropic curvature induced by 
different rays of light. We saw that while the more refran- 
gible rays of the spectrum were most effective, the less 
refrangible rays were ineffective. Below the red, there are 
the thermal rays about whose tropic effect very little is 
definitely known. 

The intricacies of the problem are very great owing to 
the difficulty of discriminating the effect of temperature 
from that of radiation ; to this must be ascribed the contra- 
dictory results that have been obtained by different obser- 
vers, of which Pfeflfer gives the following summary 

addition to the action of ultra-red rays which are 
associated with the visible part of the spectrum, dark heat- 
rays of still greater wave length, as well as differences of 
temperature may produce a thermotropic curvature in 
certain cases. Wortmann observed that seedlings Qt Lepi- 
dium sativum and Aa MaySy as well as sporangiphores of 
Fhycomyces towards a hot iron plate emitting dark 

heat-rays, Steyer has, however, shown that the sporangi- 
phore of PhycQ7nyces has no power of thermotropic re- 
action , ^ . Wortmann observed that' : the seedling shoot of 

Pfe£E«r--/6|<l-ToUni,p 776, 
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Ze(^ Mays was positiTely, but , that of Lepidium negatively^ ' 
thermotropic . , Steyer, however, found that both plants 
were positively thermotropic. Wortmann has also mvesti- 
gated the radicles of seedlinsrs by growing them in boxes 
of saw-dust, one side being kept hot, the other cold/’ 

It will be noted that in the investigations described 
above, thermotropic reaction has been assumed to be the 
same under variation of temperature (as in experiments 
with unequally heated saw-dust), and under radiation from 
heated plate of metal. With reference to this Jest main- 
tains that “so far as we know, thermotropism due to 
radiant heat cannot be distinguished from thermotropism 
due to conduction,''^* 

The ejTect of temperature, within optimum limits, is a 
physiological expansion and enhancement of the rate of 
growth. The effect of visible radiation is, on the other hand, 
a contraction and retardation of growth. Should radiant 
heat act like light, the various tropic effects in the two cases 
would be similar ; the temperature effect would in that case 
be opposite to the radiation effect. In order to find whether 
the thermal radiation produces tropic curvature similar to 
that of light, we have to devise a crucial experiment in 
which the complicating factor of rise of temperature on the 
responding organ is eliminated. 

Experiment 156 . — I have described the effect of light 
applied unilaterally to the stem of Mimosa, at a point dia- 
metrically opposite to the indicating Imt {Expt. 104). It was 
shown that the effect of indirect stimulus induced at first 
an erectile movement of the leaf, and that this was followed 
by a fall of the leaf on account of transverse transmission 
of exeitation. In the present experiment I applied thermal 
radiation instead of light. The source of radiation was a 
spiral of platinum wire heated short of incandescence by 
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'mealls^ of ,, electric cnrreEt. The : intensity of incident radia- 
tion could thus:, be maintained; constant,, or increased . or 
decreased by approach or recession of the radiating spiral. 
The effect of ; unilateral ..stim.alus-. of, .heat-rays.; „ was found 
exactly s,hii.ilar„ :to ■ that of '...light f.c,, there, was , at first , 
'an erectile movement due to indirect stimnla.tioii, followed 
by, the .fail of the. leaf 'due to.' .transmitted excitation., . It 
will be noticed; that 'under the. ’ particukr condition of the 
experiment, the' responding- 'pulvinns was completely shielded 
Trom . temperature- variation., ..The,,- ..reaction/ to, theriiiai 
radiation is' thus similar to 'that, of light. 

As':, regards the,,; effects., of ' rise, of' temperature and radia- 
tion I have, shown .that .they are '' antag.onistie,' tO; each, other 
'(.pp,:21l5, 308),. ..Thus in p.ositive, .types of thermoiiastic organs 
like tlie.^flower' of ZephyrmitheSy w-hile'' rise, of' temperature, 
.induces a movement of , ope.ning,-. radiation causes the oppo- 
site movement of closure. : Again, in the : negative type,, 
exemplified by N'y"mph€m^' nse ■ of , temperature induces a 
movement: of, clos.ure ; radiation, -'on' .'the, other , hand, brings 
about the . opposite 'move.ment of opening. .The,' .tropic -effiect 
of .thermal radiation, thus takes place in opposition to ' that 
-, of .rise '„of ..temperature, and .the' resultant effect.; is, therefore 
liable ,, to . 11 nde.rgO: some'. mod.ifioatioB,, depending -, mii the 
relative ' ' sensibility ,,' of . the. organ' ' to ■ radiation ' and ^ to 
variation of, temperature. 


The facts that have been given -above prove that infra- 
red: radiation .is , aS' 'effective a. mode of stimulation ■ as, the', 
more refrangible' •' rays of" .the '■ spectrum/ Phototropic and 
radio-thermotropic reactions would therefore prove,', to be 
essentially similar.' The following' experiments . fully ,coii- 
firaxthe similarity of the two reactions. 


FOSITIVE-; E'ADIO-THEEMOTEOPISM. ' : 

1S7 . — I shall now ■desc.ribe the normal ..reac- 
tion of a Rowing organ ; to the , unilateral stimulus of 
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thermal radiation. Figure 151 gives a record of response 
of the stem of Dregea to stimulus of short duration ; the 



Fig. 161.— Positive response to short exposure to thermal radiation. Suc- 
cessive dots at intervals of 5 seconds. {Dregea voltibilis,) 

iiidaced curvature is positive or towards the source of 
heat. On the cessation of stimulus, there is a recovery 
'which is practically complete, and which takes place at a 
slower rate than the excitatory positive curvature. Repeti- 
tion of stimulus gives rise to responses similar to the 
first. Successive stimuli of moderate intensity thus give 
.rise to repeated, responses of growth curvature. An arbi- 
trary distinction has been made between the responses of 
pulvinated and of growing organs. The former is disting- 
uished as a movement of variation, with its supposed 
characteristic of repeated response. But the experiment 
described shows that this is also met with in the response 
by growth curvature. It is only under long continued 
stimulation that the curvature is fixed by growth, 

I>I A-R AniO-THlEMO’PEOPISM. ■ 

The positive curvature is induced by retardation of 
groTvth at the proximal side, and enhancemeiit of growth 
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afc the distal side. This latter effect is, as we have seen, 
brought about by the effect of indirect stimulation. 

But under long continued action of stimulus, the nega- 
tive or excitatory impulse reaches the distal side, inducing 
diminution of turgor and retardation of the rate of growth. 
This leads to neutralisation, the organ placing itself at 
right angles to the- orienting stimulus. 

Experiment 158 . — This neutralisation is seen in the 



Fig. 152. Record of poBitiv'e^ neutral and reversed negative curvature under 
continued action of thermal radiation. The negative response went off the plate. 
Successive dots at intervals of 5 seconds. KBregea volnhilis). 

record given in figure 152, where under continuous uni- 
lateral stimulation, the growing organ exhibited its maxi- 
mum positive curvature, after which the movement became 
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arrested by the : arrival of the excitatory impulse at the 
distal side, OE account of which the first positive curvature 
became neutralised. Farther continuation of stimulus caused 
a reversal into negative in the course of 7 minutes. It will 
thus be seen that in inducing phototropic curvature, the 
heat rays in sunlight play as important a part as the 
more refrangible rays of the spectrum. 

SUMMAEY. 

The effects of rise of temperature and of radiation are 
antagonistic to each other. 

Under unilateral action of thermal radiation a positive 
curvature is induced by the retardation of growth at the 
proximal, and acceleration of growth at the distal side of 
the organ. 

There is a complete recovery on the cessation of 
stimulus of moderate intensity and short duration. Repeated 
responses may thus be obtained similar to repeated 
responses in pulvinated organs. In certain tissues the 
power of conduction in a transverse direction is wanting ; 
excitation remains localised at the proximal sideb and the 
responsive curvature remains positive, 

in other cases, there is a slow conduction of excitation 
to the distal side. The result of this under different 
circumstances is dia-radio-thermotropic neutralization, or a 
reversed negative curvature. 

In inducing phototropic curvature, the heat rays in 
sunlight play as important a part as the more refrangible 
rays of the , spectrum. 


: XXXYIIL-^RESPONSE OF PLANTS. TO WIRELESS : 

STIMULATION 

By 

Sir J. C. Bose, 

AsdMed hy 
Gurufrabarka Dab. 

A GROWING plant bends towards light, and ibis la true 
not only of the main stem but also of its branches and 
attached leaves and leafiets. Light affects growth, the effect 
being modified by the intensity of radiation. Strong stimii- 
Ins of light causes a diminution of the rate of growth, 
but very feeble stimulus induces an acceleration. The 
tropic effect is very strong in the ultra-violet region of the 
spectrum with its extremely short wave length, but the 
effect declines practically to zero as we move towards the 
less refrangible rays—the yellow and the red with their 
comparatively long wave length. As we proceed beyond 
the infra-red region, we come across the vast range of 
electric radiation, the wave lengths of which vary from 
0-6 cm;, the shortest wave I have been able to produce, 
to others which may be miles in length. There thus arises 
the very interesting question, whether plants perceive and 
respond to the long ether waves inciiiding those employed 
in signalling through space. 

At\ first sight this would- appear to. be very -unlikely ; 
for th4‘ most effective rays are in the iiltra-violet region 
with w.ave length as short as 20 x 10“® cm. ; biit^ 
electric waves used in wireless: signailing: we: , have to ^d 
with wav es 50 million times as long. The perceptive power 
of our retiina is confined within the very narrow range of 
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a single octa^^e, the wave lengths of which lie between 
70 X 10"® cm. and 35 x 10'®. cm. It is difficait to 
imagine that plants could perceive radiations so widely 
separated from each other as the visible light and the in- 
visible electric radiation. 

But the subject assumes a different aspect, w^heii we 
take into consideration the total effect of radiation on the 
plant. Light induces two different effects which may 
broadly be distinguished as external and internal. The 
former gives rise to movement; the latter finds no outward 
manifestation, but consists of an ‘ up ’ or assimilatory chemi- 
cal change, with concomitant increase of potential energy. 
Of the two reactions then, one is dynamic attended by dis- 
similatory ‘ down ’ change ; the other is potential, associated 
with the opposite ‘ up ’ change. In reality the two effects 
take place simultaneously ; but one of these becomes pre- 
dominant under definite conditions. 

The modifying condition is the quality ot light; with 
reference to this I quote the following from Pfeffer : ‘‘ So 

far as is at present known, the action of different rays of 
the spectrum gives similar curves in regard to heliotropic 
and phototactic movements, to protoplasmic streaming and 
movements of the chloropiastids as well as the photonastic 
movements produced by growth or by changes of turgor. 
On the other hand, it is the less refrangible rays which are 
most active in photo-synthesis.”* The dynamic and poten- 
tial manifestations are thus seen to be complementary to 
each other, the rays which induce photo-synthesis being re- 
latively ineffective for tropic reaction and vice versa, 

Retarniiig to the action of electric waves, since they 
exert no photo-synthetic action they might conceivably 
induce the complementary tropic effect. These considera- 
tions led me to the investigation of the subject fourteen 

* Pfeffer-VoL Ih p. 104. 
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years ago, and my reamlts showed that very short electric 
waves indace a retardation of rate of growth ; they also 
prodnce responsive movements of the leaf of Jfmosa, when 
the plant was in a highly sensitive condition,* The energy 
of the short electric waves is very feeble, and undergoes 
great diminution at a distance; hence the necessity of em- 
ployment of a specimen of plant in a highly sensitive con- 
dition. 

I resumed my investigations on the subject at the begin- 
ing of this year. I wished to find out whether plants in 
general perceived and responded to the long ether waves 
which reached it from a distance. The perception of the 
wireless stimulation was to be tested not, merely by the 
responsive movement of sensitive plants, bat by diverse 
modes of response given by all kinds of plants. 

Stimulus induces, as we have seen, three different types 
of response in plants. It causes excitation in sensitive 
plants like Mimosa^ in consequence of Which the leaf 
undergoes a fall; this is the mechanical response to 
stimulus. Stimulus also induces electric response in plants, 
both sensitive and ordinary, the excited tissue undergoing 
an electric change of gal vanometrie negativity. Finally, the 
effect of stimulus on growing plants is a variation in the 
rate of growth, an acceleration under feeble, and a retarda- 
tion under strong stimulus. I undertook to investigate the 
effect of electric waves on plants by the methods of 
mechanical and of electrical responses, and also by that of 
induced variation of growth. 

THE WIBELEBS SYSTEM. 

■nth 

j'orHrit sending wireless signals, I had to improvise the 
followingwa • arrangement, more powerful means not being 


*• Plant Bespanae*' -*p.618 (1905). 
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a¥aiIaMe. The secondary terminals of a moderate 'Sized 
Rnhmkorfl:®s coil were connected with two cylinders of 
bra'SS, each. 20 cm. in length ; the sparking took place 
between two small spheres of steel attached to the cylin- 
ders. One of the two cylinders was earthed, and the other 
connected with the aerial 10 meters in height. The 
receiving aerial was also 10 meters in height and its 



Fig. 153.-— Diagrammatic representation of method eoiptojed for obtaining 
response to wireless stimulation. Transmitting apparatus seen to the right, 
Eeoeiving aerial connected to upper part of plant, the lower part of the 
plant or the Hower-pot being connected with the earth. 


lower terminal led to the laboratory, and connected by 
means : of- a ■ thin wire to the experimental plant ■ grow- 
ing in a pot ; this latter was put in electric connection 
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with the earth (Fig. 153). The distance between the trans- 
mitting and receiving aerial was about 200 meters, the 
maximum length permitted by the grounds of the Institute. 


MECHANICAL KBSPONSE ov Mimosa. 



m'lmmt 159.— -One of the leaves of Mimosa vf-a,'. 
ted with the aerial by means of a ihin tinsel ol 
vire, which did not interfere with the free move' 
'f the leaf. This latter was attached to the recordinj 
Wireless signals induced a responsive fall of tht 
i’lg. 154) which was gradual as under action oi 
nd not so abrupt as under a mecbanical blow 


THE ELECTRIC RESPONSE. 

Experiment 16'0.~The leaf of Mimosa was in this 
experiment held securely, and two electrical connections 
made, one with the less excitable upper and the other 
with the more excitable lower half of the pulvinus. The 
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incident ether-wave induced an ' .electric response in t,he' 
piilviniis, the more excitable lower half exhibiting galva- 
nometric negativity. On the cessation of stiinniiis there 
was a recovery (Fig. 155). 

It is not at all necessary to employ the sensitive 
Mimosa for exhibition of electric response; for this is 
universally exhibited by all plants. The only condition 
for electric response is that the points of electric contacts 
should be made with two unequally excitable areas in 
the plant. This may be secured by artificial means as 
by causing ‘ injury ’ to one point of contact’*^ It is 
however much better to take advantage of the natural 
difference of excitability of two different areas in the 
organ as in the pulvinus of Mimosa, This difference 
of excitability is also found between the inner and outer 
sides of a hollow tubular organ as in the peduncles of 
various lilies. I was thus able to secure specimens 
which were far more sensitive to the action of electric 
waves than the pulviniis of Mimosa. 

EFFECT OF WIRELESS STIMULATION ON GROWTH. 

There now remains the very interesting question as to 
whether the effect of long ether waves induce any variation 
of growth. The results given below show that growing 
plants not only perceive but respond to the stimulus of 
electric waves. The effects to be presently described are 
exhibited by all plants. 

I shall, however, content myself in describing a typical 
experiment carried with the seedling of wheat. The speci- 
men was mounted on the Balanced Grescograph, and the 
growth exactly bal aimed. This gives a horissontai record ; 
an acceleration of growth above the normal is. in the 


* ‘‘Comparative llectro-Phy Biology p. 140. 
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loiiowmg records, represented by a down 
retardation by an up-curve. 

hffect of feeble sthnulus: Experiment 161, 

the effect of feeble stimulus. This was secu 
ing the energy of sparks of the radiator, 
was an acceleration of rate of growth as 
156a. The analogy of fhis with the accelei 
sub-minimal intensity of light (p. 224) is vt 

Effect I if strong stimulus: Esther iment 1 
mum energy radiated by my trahsmitter, as 
was only moderate. In spite of this its effect 
exhibited in a verv 


jurve, 


Fig. 156. — Record ot 
(a) response to feeble \ 
stimnlng by retardation, (c) 
by recovery, 

(Seedling of wheat.) 

immediately upset, indicating a 
growth. The latent period, f,e. 


responses to electric wave 
stimulus by acceleration of 
, ) responses to medium st 
Dovro^jurre represents aoeeleration, and 


the Balanced Crescograph 
growth, (6) response to strong 
imulation -retardation followed 
up-curve retardation of growth: 
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incident wave and the response, was only a few seconds 
(Fig. 156b). The record given in irhe figure was obtained 
with the moderate magnification of 2,000 times only. But 
with my Magnetic Crescograph, the magnification can 
easily be raised ten million times ; and the response of 
plant to the space signalling can be exalted in the same 
proportion. 

Under an mtensity of stimulus slightly above the 
sub^minimal, the responses exhibit retardation of growth 
followed by quick recovery, as seen in the series of records 
given in Fig. 156c. 

A remarkable peculiarity in the response was noticed 
during the course of the experiments. Strong stimnlation 
by ether waves gives rise, as we have seen, to a very 
marked retardation of the rate of growth. Eepeated 
stimulation induces fatigue, and temporary insensitiveness 
of the organ. Under moderate fatigue the effect is a 
prolongation of the latent period. Thus in a particular 
experiment the plant failed to give any response to a 
short signal. But after an interval of five minutes a 
marked response occurred to the wireless stimulus that 
had been received previously^ The plant had perceived the 
stimulus but on account of fatigue the latent period was 
prolonged, from the normal 5 seconds to as many minutes. 


BEMMAEY. 

Plants not only perceive, but also respond to long ether 
waves employed in signalling through space. 

Mechanical response to wireless stimulation is exhibited 
by the leaf of Mimom pudica. 


32 


LlBMil MOVEMKI^TS IN PLANTS 


424 

All plants give electric response to the stimuius of long 
ether waves. 

Growing plants exhibit response to electric waves by 
modification of rate of growth. Feeble stironlus induces 
an acceleration, while strong stimulus causes a retardation 
of the rate, of grow,th. . 

The perceptive range of the plant is far greater 
than ours; it not only perceives hut responds to the 
different rays of the vast ethereal spectrum. 



XXXIX.--GEOTEOPISM 

By 

Sir J. G. Bobb. 

No phenomenon of tropic inovemenfc appears so inex- 
plicable as that of geotropisnn There are two diametrically 
opposite effects induced by the same stimulus of gravity, 
in the root a movement downwards, and in the shoot a 
movement upwards. The seeming impossibility of explain- 
ing effects so divergent by the fundamental reaction of 
stimulus, has led to the assumption that the irritability of 
stem and root are of opposite character. I shall, however, 
be able to show that this assumption is unnecessary. 

The difficulty of relating geotropic curvature to a definite 
reaction to stimulus is accentuated by the fact that the 
direction of the incident stimulus, and the side which 
responds effectively to it are not clearly understood; nor 
is it known, whether the reaction to this stimulus is a 
contraction, or its very opposite, an expansion. 

Taking the simple Case of a horizontally laid shoot, 
the geotropic up-curvature is evidently due to differential 
effect of the stimulus on upper and lower sides of the 
organ. The up-curvature may be explained by one or the 
other of two suppositions: (1) that the stimulus of gravity 
induces contraction of the upper side ; or (2) that the 
fundamental reaction is not a contraction but an expansion 
and this of the lower side. The second of these two 
assumptions has found a more general acceptance. 

Tropic curvatures in general are brought about by the 
differential ettect of stimulus on two sides of the organ 
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Thus light falling on one side of a shoot indaces iocai 
conkaetioii, the rays being cat off from acting on the 
further side by the opacity of the intervening tissue. But 
there is no opaque screen to cut off the vertical lines of 
gravity,**^ which enter the upper side of a horizontally laid 
shoot and leave it by the lower side. Though lines of 
force of gravity are transmitted without hindrance, yet a differ- 
ential action is found to take place, for the upper side, 
where the lines of force enter, becomes concave, while the 
lower side where they emerge becomes convex. Why 
should there be this difference ? 

For the removal of various obscurities connected with 
geotropivSin it is therefore necessary to elucidate the follow- 
ing : 

1. The sign of excitation is, as we found, a contrac- 
tion and concomitant galvanometric negativity. Does gravi- 
tational stimulus, like stimulus in general, induce this 
excitatory reaction ? 

2. What is the effective direction of geotropic sti- 
mulus ? In the case of light, we are able to trace the 
rays of light which is incident on the proximal side and 
measure the angle of inclination. In the case of gravity, 
the invisible lines of force enter by one side of the 
organ and leave by the other side. Assuming that the 
direction of stimulus is coincident with the vertical lines 
of gravity, is it the upper or the lower side of the organ 
that undergoes effective stimulation ? 

3. What is the law relating to the ‘ directive angle ’ 
and the resulting geotropic curvature ? By the directive 
angle (sometimes referred to as the angle of inclination) 

1 shall in what follows take tht direction of vertical lines of gravity as 
that of movement of falling bodies, from above towards the centre of the 
earth. . ; 
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is meant, as previously explalnecl^ tlie angle 

tion of stimulus makes with the responding surf ace« 

4. We have finally to investigate, whether the assump- 
tion of opposite irritabilities of the root and the shoot is 
at all justifiable. If not, we have to find the true explaii- 
ation of the opposite curvatures exhibited by the two types 
of organs. 

Of these the first three are inter-related. They will^ 
however, be investigated separately ; and each by more than 
one method of inquiry. The results will be found to be 
in complete harmony with each other. 

I propose in this and in the following chapters to 
carry out the investigations sketched above, employing two 
independent methods of enquiry, namely, of mechanical 
and of electrical response. I shall first describe the auto- 
matic method I have been able to devise, for an accurate 
and magnified record of geotropic movement and its time 
relations. 

THE GBOTROPIG RECORDER. 

The recorder shown in figure 157 is very convenient 
for study of geotropic movement. The apparatus is four- 
sided and it is thus possible to obtain four simultaneous 
records with different specimens under identical conditions. 
The recording levers are free from contact with the record- 
ing surface. By an appropriate clock-work mechanism, 
the levers are pressed for -a fraction of a second against 
the recording surfaces. The successive dots iu the 
record may, according to different requirements, be 
at intervals varying . from 5 ; to 20 seconils. The 
records therefore not only give the characteristic curves of 
geotropic movements of different plants, but also their time 

ations. For high magnification, I employ an Oscillating 



J K}. 1,')/. — rhe Quadruplex Geotropic Recorder. 


h R mire df old ; half that magnification is, however, sufficient 
for general purposes. 

DKTERMINATIOK OF THE CHABACTEB, OF GEOTBOPIC 
: ^ REACTION. 

The observed geotropic concavity of the upper side of a 
horizontally laid shoot may be due to excitatory contraction 
of that side, or it may result from passive yielding to the 
active responsive expansmi of the lower side. The crucial 
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Recorder, the short arm of the lever being 2*5 mm., 
and the long arm 250 mm., the magnification being a 
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test of excitatory reaction under geotropic stimuius is 
furnished by investigations on geo-eiectric response. Wheu 
a shoot is displaced from vertical to horiji^ojQLtal position, 
the upper side of the organ is found to undergo an excita^ 
tory electric change of galvanometric negativity indicative 
of diminution of turgor and contraction. The electric 
change induced on the lower side is one of galvanometric 
positivity, which indicates an increase of turgor and expan- 
sion. The tropic effect of geotropic stimulus is thus 
similar to that of any other mode of stimulation, i,e., a 
contraction of the upper (which in the present case is the 
proximal) and expansion of the lower or the distal side. 
The vertical lines of gravity impinge on the upper side of 
the organ which undergoes effective stimuiaiioiu 

In order to show that the concavity of the upper side 
|s not due to the passive yielding to the expansion of 
the lower half, I restrained the organ from any movement. 

I have explained that excitatory electric response is mani- 
fested even in the absence of mechanical expression of 
excitation ; and under geotropic stimulus, the securely held 
shoot gave the response of galvanometric negativity of 
the upper side. Hence the fundamental reaction under 
geotropic stimulus is excitatory contraction as under other 
modes of stimulation. 

Finally, I employed the additional test of induced para- 
lysis by application of Intense cold. Excitatory physiolo- 
gical reaction is, as we know, abolished temporarily 1>y the 
action of excessive cold, 

. Experiment 16B. — I obtained records of mechanical res- 
ponse to determine the side which undergoes excitation 
under geotropic stimulus, the method of discrimination being 
local paralysis induced by cold. I took the flower-scapes 
of Amarayllis and of Uriclls^ and holding them vertical 
applied fragments of ice on one of the two sides, I then 
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laid the scape horizontal, first with cooled side below, the 
record showed that this did not affect the geotropic move- 
ment. But on cooling the upper side, the geotropic move- 


or aicernMe apphoatioii of oo!d on the upper and lower side, of 
the organ. Application of cold on upper side (down-pointing ai^ow) induoee arrest of 
geotropic moTement. Application below (up-pointing arrow) causes no arrest, 

ment became arrested, and it was not till the plant had 
assumed the temperature of the surroundings that the 
geotropic movement ^became renewed. Figure 158 shows 
the effect of alternate application of cold, on the upper 
and lower sides of the organ.* In the shoot, therefore, it 
IS the upper side of^ thf organ that becomes effectively 
stimulated. Before procefeding farther I shall make brief 
reference to the highly suggestive statolithic theory of 


THBOBY OF STATOLITHS. 


With regard to the 
lere can be no doubt 


perception of geotropic stimulus 
that this must be due to the 

Plant Response p, 506. ; ■ 
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effect; of' .weight , of cell contents, . whether of .'the sap 
itself, or of the heaTy particles contained in the cells, 

exerting pressure on the sensitive plasma* The theory 
of ‘ statoliths advocated by Noll, Haberlandt and Nemec 
(in spite of certain difficulties which further work may 
remove) is the only rational explanation hitherto offered 
for gravi-perception. The sensitive plasma is the ecto- 
plasm of the entire cell, and statoliths are relatively 
heavy bodies, such as crystals and starch grains. 
Haberlandt has found statoliths in the apo-geotropic 
organs like sterns."^ When the cell is laid horizontal, 

it is the lower tangential wail which has to support 

the greater weight, and thus undergo excitation. In 

the case of multicellular plants laid horisson tally, the 

excitation on the upper side is, as we have seen, the 

more effective than on the lower side. This inequality, 
it has been suggested, is probably due to this difference 
that the statoliths on. the upper side press on the inner 
tangential walls of the cells while those on the lower 
side rest on the outer tangential walls. 

When the organ is held erect, the action of statoliths 
would be symmetrical on the two sides. But w^hen it is 
laid horizontal a complete rearrangement of the statoliths 
will take place, and the differential efthets on the upper 

and lower sides will thus induce geotropic reaction. This 

period of migration must necessarily be very short ; but 
the reaction time, or the latent period, is found to be of 
considerable duration, ‘‘Even in rapidly reacting organs 
there is always an interval of about one to one and a 
half hours, before the horizontally placed organ shows a 
noticeable curvature, and this latent period may in other 
cases be extended to several hours.^f This great differ- 
ence between the period of migration and the latent 

Haberlandt—" Physiological Plant Anatomy p. 603. 
f Jost— p, 437. ^ 
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period offers a serious difficulty in the acceptance of the 
theory of statoliths. But it may be urged that the 
latent period has hitherto been obtained by relatively 
crude . methods, and I therefore undertook a fresh 
determination of its value .by a sensitive and accurate 
means of record. 


DETEKMINATION OF THE LATENT PERIOD. 

A regards the interpretation of the record of geotropie 
movement, it should b? borne in mind that after the 

perception of stimulus a certain time must elapse before 
the induced growth-variation will result in curvature. 
There is again another factor which causes delay in the 
exhibition of true geotropic movement ; for the up-move- 
ment of stems, in response to the stimulus of gravity, has 
to overcome the opposite clown movement, caused by 
weight, before it becomes at all perceptible. On account 
of the bending due to weight there is a greater tension 

on the upper side, which as we have seen (p." 193), 

enhances the rate of growth, and thus tends to make 

that side convex. The exhibition of geotropic response 
by ; induced contraction of the excited upper side thus 
becomes greatly delayed. In these circumstances I tried 
to discover specimens in which the geotropic action would- 
be quick, and in which the retarding effect of weight 
could be considerably reduced. 

Qeotropic response of flower stalk of Tii?)erose : Experi- 
ment 164, — For this 1 took a short length of flower 
stalk of tuberose in a state of active growth ; the flower 
head itself was cut off in order to remove unnecessary 
weight. After a suitable period of rest for recovery from 
the shock of operation, the specimto was placed in a 




Fig. 159 .— Geotropic response of liower stalk of tube rose : preliminary down- 
movement is due to weight. 

Fig. 160.— Geotropic response of petiole of Tropifobm ,* latent period shorter 
than 20 seconds. 


the geotropic up-movement is seen to be initiated 
(Pig. 159) after the tenth dot, the latent period being 
thus :•} minutes and 20 seconds, the greater part of which 
was spent in overcoming the down-movement caused by 
the weight of the organ. 


Gteotrojm response of petiole of Tropajolum : Experi- 
ment 165 . — I expected to obtain still shorter latent 
period by choosing thinner specimens with less weight. I 
therefore took a cut specimen of the petiole of Tropceo- 
lum, and held it at one end. The lamina was also cut 
off in order to reduce the considerable leverage exerted 
by it. The response did not now exhibit any preliminary 
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down-movem.ent, and the geotropic up-movemeiit was com- 
meneetl within a few seconds after placing the petiole in 
a horizontal position (Fig. 160). The snccessiTe dots in 
the record are at intervals of 20 seconds and the second 
I'dot already exhibited an np-movement ; the latent period 
is therefore shorter than 20 seconds* It will thus be seen 
that tte latent period in this case is of the same order as 
the hypothetical period of migration of the statoliths. 

I may state here that I have been successful in 
devising an electric method for the determination of the 
latent period, in which the disturbing effect of the weight 
of the organ is completely eliminated. Applying this 
. perfect method, I found that the latent period was in 
^ome cases as short as a second. The experiment will 
• be found fully described in a later chapter, 

THE COMPLETE GEOTROPIC CURVE. 

The characteristics of the geotropic curve are similar 
to those of other tropic curves. That is to say the 
susceptibility for excitation is at first feeble ; it then 
increases at a rapid rate ; in the third stage the rate 
becomes uniform ; and finally the curvature attains a 
maximum value and the organ attains a state of geotro- 
pic equilibrium (cf. page 353). The period of comple- 
tion of the curve varies in different specimens from a 
few to many hours. 

Experiment 166, — The following record was obtained 
with a bud of Grinum^ the successive dots being at 
intervals of 10 minutes. After overcoming the effect of 
weight (which took an hour), the curve rose at first 
slowly, then rapidly. The period of uniformity of move- 
ment is, seen to be attained after three hours and 
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continued for nearly 90 minutes The final equilibrium 
was reached after a period of 8 hours (Fig. 161). 


DETERMINATION? OF EFFECTIVE DIRECTION OF STIMULUS. 


The experiments which have been described show that 
it is the upper side (on which the vertical lines of 


FiU 161 .— The Complete Geotropic curve {(^rinum). 


For studying the effect of an external agent on geo tro- 
pic action, the period of uniform movement is the most 
suitable. Acceleration of the normal rate (with enhanced 
steepness of curve) indicates that the external agent acts 
•with geotropism in a concordant manner ; depression of 
the rate with resulting flattening of the curve shows, on 
the other hand, the antagonistic effect of the outside 
agent. 
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gravity impinge) that undergoes excitation. The 
lines of gravity must therefore be the direction of ii 
stimulus. This conclusion is supported by results of 
independent lines of inquiry : (1) the algebraical s 
tion of effect with that of a different stimulus 


EFFECT OP ALGEBEAIOAL SUMMATION 


mt 167 , — A flower bud of Griniim 
, and record taken of its geotrop 
application of light on the upper si 
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cessation of light, the original rate of geotropic moi?ement 
is restored (Fig. 163). Application of light of increasing 
intensity from beloAv indiices, on the other hand, a dimiim* 
tion, neutralisation, or reversal of geotropic movement. 

Light acting vertically from above induces a concavity 
of the excited upper side in ^consequence of which the 
organ moves, as it were, to meet the stimulus. The geo- 
tropic response is precisely similar. In figure 162 the 
arrow represents the direction of stimulus which may be 
rays of light or vertical lines of gravity. 

analogy BETWEEN THE EFFECTS OF STIMULUS OF 
light AND OF OBAVITY. 

In geotropic curvature we may for all practical purposes 
regard the direction of stimulus as coinciding with the 
vertical lines of gravity. The analogy between the effects of 
light and of gravity is very close* ; in both the induced 
curvature is such that the organ moves so as to meet the 
stimulus. This will be made still more evident in tlie 
investigations on torsional geotropic response described iii a 
subsequent chapter. The tropic curve under geotropic 
stimulus is similar to that under photic stimulus. The 
tropic reaction, both under the stimulus of light and of 
gravity, increases similarly with the ‘directive’ angle. 
These real analogies are unfortunately obscured by the use 
of arbitrary terminology used in description of the geotropic 
curvature of the shoot. In figure 163 records are 
given of the effects of vertical light and of vertical 
stimulus of gravity, on the responses of the horizontally 
laid bud of Grinuvi, In both, the upper side undergoes 
contraction and the movement of response carries the 

Exception to this will be found in page where explanation is offered for the 
difference. 
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organ upwards so as to place it parallel to the incident 
stimulus* Though the reactions are similar in the two 
cases, yet the effect of light is termed positive phototro- 
pism, that of gravity negative geotropism. I would draw 
the attention, of plant-physiologists to the anomalous 
character of the existing nomenclature, Geotropism of the 
shoot should, for reasons given above, be termed positive 
instead of negative^ and it is unfortunate that long usage 
has given currency to terms which are misleading, and 
which certainly has the effect of obscuring analogous 
phenomena. Until the existing terminology is revised, it 
would perhaps be advisable to distinguish the geotropism 
of the shoot as Zemthotropism and of the root as Nadiro- 
troptsm. 

RELATION BETWEEN THE DIRECTIVE ANGLE AND 
GEOTROPIC REACTION. 

When the main axis of the shoot is held vertical, the 
angle made by the surface of the organ with lines of 
force of gravity is zero, and there is no geotropic effect, 
TI e geotropic reaction increases with the directive angle ; 
theoretically the geotropie effect should vary as the sine 
of the angle. I shall in the next chapter describe the 
very accurate electrical method, which I have been able to 
devise for determination of relative intensities of geotropic 
action at various angles. Under perfect conditions of 
symmetry, the intensity of effect is found to vary as the 
sine of the directive angle. This quantitative relation fully 
demonstrates that geotropic stimulus acts in a definite 
direction which coincides with the vertical lines of 
gravity. 

The conditions of perfect symmetry for study of geo- 
i^ronic action at various angles will be fully described in 
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the next chapter. In the ordinary method of experiment- 
ation with mechanical response the organ is rotated in a 
vertical plane. The geotropic movement is found increased 
as the directive angle is increased from zero to 90^. 

DIFFERENTIAL GEOTEOPIC EXCITABILITY. 

It has been shown that geotropic stimulus acts more 
effectively on the upper side of the organ. The intensity of 
geotropic reaction is, moreover, modified by the excitability 
of the responding tissue. It is easy to demonstrate this 
by application of depressing agents on the more effective 
side of the organ. The rate of geotropic up-movement will 
be found reduced, or even abolished by the local applica- 
tion of cold, anaesthetics like chloroform, and of poison- 
ous potassium cyanide solution. 

The different sides of a dorsiventral organ are 
unequally excitable to different forms of stimuli. I 
have already shown (p. 85) that the lower side of the 
pulvinus of Mimosa^ m about 80 times more excitable to 
electric stimulus than the upper side. Since the effect of 
geotropic stimulus is similar to that of other forms of 
stimuli, the lower side of the pulvinus should prove to be 
geotropicaliy more excitable than the upper side. This 
I have been able to demonstrate by different methods of 
investigation which will be described in the following 
chapters. 

Under ordinary circumstances, the upper half of the 
pulvinus is, on account of its lavourabie position, more 
effectively stimulated by geotropic stimulus ; in consequence 
of this the leaf assume a more or less horizontal position 
of “ dia-geotropic ” equilibrium. But when the plant is 
inverted the more excitable lower half of the organ now 
occupies the favourable position for geotropic excitation. 

'/■V 311 
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Tlie leaf now erects itself till it becomes almost parallel 
to the stem. The response of the same pulvinus which 
was formerly “ dia-geotropic ” now becomes “ negatively geo- 
tropic ” ; but an identical organ cannot be supposed to 
possess two different specific sensibilities. The normal 
horizontal position assumed by the leaf is, therefore, due 
to differential geotropic excitabilities of the two sides of a 
dorsi ventral organ. 

I have explained (p. 401) that when the piilvinus of 
Mimosa is subjected to lateral stimulation of any kind, it 
undergoes a torsion, in virtue of which the less excitable 
half of the organ is made to face the stimulus. Experi- 
ments will be described in a subsequent chapter -which 
show that geotropic stimulus also induces similar torsional 
response. The results obtained from this method of enquiry 
give independent proof: (1) that the lower half of the 
pulvinus is geotropically the more excitable, and (2) that 
the direction of incident geotropic stimulus is the vertical 
line of gravity which impinges on the upper surface of 
of the organ. 

SUMMABY. 

The stimulus of gravity is shown to induce an excita- 
tory reaction which is similar to that induced by other 
forms of stimulation. The direct effect of geotropic stimu- 
lus is an incipient contraction and retardation of rate of 
growth. 

The upper side of a horizontally laid shoot is more 
effectively stimulated than the lower side, the excited 
upper side becoming concave. Electrical investigation also 
shows that it is the upper side that undergoes direct 
stimulation. 
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Tropic reactions are said to^ be positive, ' whe 
directly stimulated side undergoes contraction with ■ tbe 
result that the organ moves to meet the stimulus. AccokI- 
ing to this test, ' the geotropic response of the stem is 
positive. . ■ 

The geotropic response is delayed by the bending down 
of the horizontally laid shoot. Reduction of weight is found 
to shorten the latent period ; in the case of the petiole of 
T^^opceoluni %h.\B is shorter than 20 seconds. The latent 
period of geotropic response is found to be of the same 
order as the “migration period” of the hypothetical stato- 
liths. 

The complete geotropic curve shows characteristics which 
are similar to tropic curves in general. 

In a dorsiventral organ the geotropic excitabiiities of 
the upper and lower sides are different. In the pulvinus 
of Mwiosa the geotropic excitability of tbe lower half is 
greater than that of the upper half. The differential exci- 
tabiiities of a dorsiventral organ modifies its position of 
geotropic equilibrium. 
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The experiments that have been • described in the pre- 
ceding chapter show that the upper side of a horizontally 
laid shoot undergoes excitatory contraction, in consequence 
of which the organ bends upwards. The fundamental 
geotropic Teaction is, therefore, not expansion, but contrac- 
tion which results from all modes of stimulation. 

In confirmation of the above, I wished to discover and 
employ new means of detecting excitatory reaction under 
geotropic stimulus. In regard to this, I would refer to the 
fact which I have fully established that the state of excit- 
ation can be detected by the induced electromotive change 
of galvanoinetric negativity. This electrical indication of 
excitation may be observed even in plants physically res- 
trained from exhibiting response by mechanical movement.’*^ 

ELECTRIC RESPONSE TO STIMULUS. 

Before giving account of the results of investigations 
on the detection of geotropic excitation by means of 
electric response, I shall describe a few typical experiments 
which will fully explain the method of the electrical 
investigation, and show the correspondence of mechanical 
and electric responses. I have explained how tropic cur- 
vatures are brought about by the joint effects, of 

Comparative Eleotro-Pliysiology. p. 20. 
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• ContractioE '.of the directly excited proximal side. A',, and ...the 
expansion of the distal side B. ' In the diagram <if. meciiaiiiGal 
response to, stimulus (Fig, 164a) the excitatory , contraction 
is indicated' by - sign, and the expansioii,' by + , .sign, 
.The resulting ,mo¥ement is, therefore, towards the s'fcimuliis 
as shown hy the curved arrow. 

I shall now describe the corresponding electric eifeets 
in response to unilateral stimulus. We have to deterinine 
the induced electrical variation at the proximal side A, 
and at the distal side B. 

Electrio response to direct stimulation : Experiment 168 , — 
For the determination of electric response at the directly excited 
proximal side A, we take a shoot with a lateral leaf. The 
point A, which is to undergo stimulation, is connected with 



Fie. 164. — Diagrammatic representation of the mechanical and electrical response 
to direct unilateral stimulation indicated by arrow;— 


(а) Positive mechanical response (curved arrow) due to contraction of directly 

stimulated A, and expansion of indirectly stimulated B. 

(б) Electric response of induced galvanometric negativity of A under direct 

stimulation 

(c) Electric response of induced galvanometric positivity at the distal pKHnt 
B..' 

(o') Additive effects of direct and indirect stimulations ; galvanometric nega- 
tivity of the directly stimulated proximal A, and galvanometric positivity 
of the indirectly stimulated distal point B. 

one terminal of the galvanometer, the other temiinai being 
led to an indiiferent or neutral point H on the leaf* 
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Application of any form stimulus at A, gives rise . to an 
electric current wMch flows through the galvanometer from 
the neutral to the excited point A (Fig. 164b). The directly 
$timulated point A th%u becomes galvanometrically negative. 
The : ‘‘'action ” current lasts during the application of .stimulus 
and disappears on its cessation. 

Electric response to mdirect stimulation : Eooperimerd 
169,— We have also seen that application of stimulus at A 
causes mdirect stimulation of the distal point B result- 
ing in an increase of turgor and expansion. The corres- 
ponding electric change of the indirectly stimulated point 
B is found in the responsive current, which flows now 
through the galvanometer from the indirectly stimulated B 
to the neutral point N (Fig. i64c). The indirectly stimu- 
lated point thus becomes galvanometrically positive. 

Having thus obtained the separate effects at A and B; 
we next modify the experiment for obtaining the joint 
effects. For this purpose the neutral point N is discarded 
and A and B connected directly with the indicating gal- 
vanometer, On stimulation of A that point becomes negative 
and B positive, and the current of response flows through 
the galvanometer from B to A. The deflection is increased 
by the joint electrical reactions at A and B (Fig. 164d). 

The results may thus be summarised : — 


TABLE XXXllI. — ELECTRIC RESPONSE TO DIBEOT UNILATERAL STIMULUS. 


Electrical change at the proximal 
side A. 

Electrical change at the distal 
side B. 

Galvanometric negativity indicative 1 
of contraction and diminution i 

of turgor. 

G-alvanometric positivity indicative 
of expansion and increase of 

turgor. 1 

The corresponding tropic curvature is positive movement towards 
stiipaulus. ' 
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^ . GalvaBomeMc negativi^^ is ' thEs. seen to mdicate the 
effect of direct stimElus, and galvanometric positiYity that 
or* indirect stimulus. We- thus ■ see the possibility of elec- 
tric detection of the effects of geotropic stirnuiatioii. This 
method would, moreover, enable us to discriminate the side 
of the organ which undergoes greater excitation. ^ 

IXPBBIMENTAli AEEANGEMBNTS FOE OBTAINING GEO- / 
BLECTEIC EBSPONSB. 

Returning to the investigation on electric response to 
geotropic stimulus, the specimen of plant is at first held 
erect; two electrodes connected with a sensitive galvano- 
meter are applied, one to an indifferent point, and the 
other to one side of the shoot. The sensitiveness of the 
galvanometer was such that a current of one milllionth of 
an ampere produced a deflection of the reflected spot of 
light through 1,000 divisions of the scale. An action 
current is produced on displacement of the plant from, 
vertical to horizontal position, 

Non^^polarisaMe electrodes. — The electrical connections 
with the plant are usually made by means of non-polaris- 
able electrodes (amalgamated zinc rod in zinc-sulphate solu- 
tion and kaolin paste with normal saline). I at first 
used this method and obtained all the results which will 
be presently described. But the employment of the usual 
non-polarisable electrodes with liquid electrolyte is, for our 
present purpose, extremely inconvenient in practice ; for the 
plant-holder with the electrodes has to be rotated from 
vertical to horizontal through The reliability of 

the non-polarisable electrode, moreover, is not above 
criticism. The zinc-sulphate solution percolates through 
the kaolin paste and ultimately comes in contact with 
the plant, and seriously a jBfects its excitability. The 
name non-polarisable electrode ; is in reality a misnomer; 
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for, ''tlie : action current ' (whose polarising effect is , to 
be, guarded ' against) 'is ■ excessively ■ feeble, being, . of ' , ,the 
order of a iniiiionth of ■ an' ■ ampere or even less ; : the 
counter polarisation induced by sucb a feeble current is 
practically negligibie. , 

The idea that non-polarisable electrodes are meant to 
ged rid of polarisation is not thus justified by the facts 
of the case. The real reason for its use is very 
different; the electrical connections with the plant has 
to be made ultimately by means of two metal contacts. 

If we take two pieces of metal even from the same 

sheet, and put them in connection with the plant, a 
voltaic couple is produced owing to slight physical 
differences between the two electrodes. Amalgamation of 
the two zinc rods with mercury reduces the electric 

difference but cannot altogether eliminate it. 

I have been able to wipe off the difference of poten- 
tial between two pieces of the same metal, say of plati- 
num, and by immersing them in dilute salt solution 

from a voltaic couple. The circuit is kept complete 
for 24 hours, and the potential of the two electrodes 
by this process is nearly equalised. A perfect equality 

is secured by repeated warming and cooling of the 

solution and by sending through the circuit, alternat- 
ing current which is gradually reduced to zero, I have 
by this means been able to obtain two electrodes which 

are iso-electric. The specially prepared electrodes (made 
of gold or platinum wire) are put in connection with 
the plant through kaolin paste moistened with normal 

saline solution. Care should be taken to use opaque cover 
over the plant-holder, so as to guard against any possible 
photo-electric action ; moistened blotting paper maintains, 
the closed chamber in a uniform humid condition. 
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Tiie, . .'direct . Biethod 'Of ..contact described above... is 
extremely , con venieni ' in practice ; the ' resistance of contact 
is considerably reduced, and there is no possibility of Its 
variation during the necessary process of rotation of the 
plant for subjecting it to geotropic action. 



GBO-B-LEOTRIC RESPONSE OF- THE HPPBR AND LOWER ' 
SIDES OP THE ORGAN. 

We have next to discover the electric change induced 
by geotropic stimulus on the upper and lower sides of 
the organ. For this purpose it is necessary to find a 
neutral point which is not affected by the inclination of 
the organ from vertical to horizontal position. For the 
present experiment, I employed the flower of the water 
lily NymphcBa^ the peduncle of which is sensitive to geo- 
tropic action. One electrical contact is made with a 



Fig. 365.— Diagrammatic repreBentation of geo-electric response. The middle 
figure represents veriicaL position. In figure to the right rotation through +90'^ 
has placed A above with induced electric change of galavanometrio negativity of 
A, In the figure to the left, rotation is through - §0^ A being below j the electric 
response is by induced gal vanometric positivity of A. For simplification of 
diagram, vertical position of sepal is not always shown in the figure. 

sepal, '■ which - is always : kept - vertical ; the other electric 
contact is made at the point A, on one side of the 
flower stalk (Fig. 165). On making connections with a 
sensiMve galvanometer a very feeble current was found, 
which was due to slight physiological difference between 
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the neutral pomt,^N, -attd A. This natural' current may be 
allowed to remain, the action current due to geotropism 
being superposed 07i it; or the natural current may be 
neutralised by means of a potentiometer and the reflected 
spot of light brought to zero of the scale. 

Induced electric variation on upper side of the organ : 
Experiment 170. — 'While the sepal is held vertical, the 
stalk is displaced through +90^ so that the point A is 
above. Geotropic stimulation is at once followed by a 
responsive current which flows through the galvanometer 
from N to A, the upper side of the organ thus exhibiting 
excitatory reaction of galva nometric negativity (Right-hand 
figure of 166). When the stalk is brought back to vertical 
position geotropic stimulation disappears, and with it the 
responsive current. 

Electric respo^ise of the lower side: Experiment 171.— The 
stalk is now displaced through - 90^ ; the point A, which 
under rotation through 4*90^^ pointed upwards, is now 
made to point downwards. The direction of the current 
of response is now found to have undergone a reversal ; 
it now flows from A on the lower side to the neutral 
point N; thus under geotropio action ^<5 lower side of 
the 07^gan exhibits galvanomeMc positivity indicative of 
increase of turgor and expansion (Left-hand figure 166).* 

Having thus found that the upper side of the organ 
under geotropic stimulus becomes galvanometrically nega- 
tive, and the lower side, galvanometrically positive, we 
make electric connections with two diametrically opposite 
points of the shoot A and B, and subject the organ 
to alternate rotation through -f90° and -90°. The electro- 
motive changes induced at the two sides now became 
algebraically summated. I employ two methods for geotropic 

For detailed account cf. Chapter XLIII, 
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stimulation : that (1) of Axial Rotatiou, and (2) of 
Vertical Rotation. 


METHOD OP AXIAL ROTATION. 

In the method of Axial Rotation, the organ is held 
■with its long axis horizontal (Fig. 166 H). We have seen 
that the geotropic action increases -with the angle xfhich 
the responding surface of the organ makes with the 




Flu. 166. — Diagrammatiic representation of the Method of Axial Kotation H, and 
of Vertical rotation T (see text). 

vertical lines ol gravity. When the organ is held with 
its length horizontal, the angle made by its two sides, A 
and B, with the vertical is zero and thore is thus no 
geotropic effect. There is, moreover, no differential effect, 
since the two sides are symmetrically placed as regards 
the vertical lines of force. The plant is next rotated 
round its long axis, the angle of rotation being indicated 
in the circular scale. When the rotation is through +90 , 
A is above and B. below ; this induces a differential 
geotropic effect, the upper side exhibiting excitatory electric 
change of galvanometric negativity. 
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Experiment 17 shsill, aS’ a- typical example, give a 
detailed account of experiments', with . the' petiole of 
Tropmolum: . which '.was fonnd so , highly' excitable to 
geotropic stimniiis (p, 434). The specimen was held horizontal 
'■with two symmetrical contacts at the two sides, the electrodes 
being connected in the usual manner with the indicating 
galvanometer. When the plant is rotated through +90° 
there is an immediate current of response, the upper 
side becoming galvanometrically negative. This excitatory 
reaction on the upper side finds, as we have seen, mecha- 
nical expression by contraction and concavity, with posi- 
tive or up-curvature. 

The differential stimulation of A and B disappears on 
rotation of the axis back to zero position, and the induced 
electro-motive response also disappears at the same time. 
If now the axis be rotated through - 90°, A will become 
the lower, and B the upper and the excited side. The 
electro-motive change is now found to have undergone a 
reversal, B becoming galvanometrically negative. This 
induced electro-motive variation under geotropic stimulus is 



FiO. 167.— Diagrammatic repreHeatatiou of the geo-electric response of the 
shoot (see text). 


of considerable intensity often exceeding 15 millivolts. The 
characteristic electric change is shown diagrammatically in 
figure 167 in which the middle figure shows the symme- 
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trical or , zero position. On rotation through ' + (figure 
to the ■ right), A occupies the upper' and, B the ioiver 
position, ■ A is seen to ' exhibit induced change of galva-' 
nometric negativity. Rotation through *- 90'^ reverses .the 
current of response, as B now occupies the 'tipper and A 
the lower position. 

CHARAOTBBISTIOS OP GBO-ELBCTRIO RESPONSE. 

There are certain phenomena connected with the elec- 
tric response under geotropic stimulus which appear to be 
highly significant. According to statolithic theory 

“ Geotropic response begins as soon as an organ is deflect- 
ed from its stable position, so that a few starch-grains 
press upon the ectoplasts occupying the wails which are 
underneath in the new position; an actual rearrangement 
of the starch-grains is therefore not an essential condition 
of stimulation. As a matter of fact, the starcli-grains do 
very soon migrate on to the physically lower walls, when 
a positively or negatively geotropic organ is placed hori- 
zontally, with the result that the intensity of stimulation 
gradually increases attaining its maximum value when all 
the falling starch-grains have moved on to the lower region 
of the ectoplast. The time required for the complete 
rearrangement of the statoliths may be termed the period 
of migration; its average length varies from five to twenty 
minutes in different organs.”^ 

Stimulation, according to the statolithic theory, is induced 
by the displacement of the particles. The diameter of the 
geotropically sensitive cells is considerably less than 
(M mm. ; and the stimulus will be perceived after the very 
short interval taken by the statoliths to fall through a space 
shorter than Od mm. This maybe somewhat delayed by 
the viscous nature of the plasma, but in any case the period 

* Haberlandt — /6W—p. 598. 
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for . 'perceptible of the statoliths should be' very 

shortj about a second or so, and the latent period of 
perception of stimulus should be of this order. 

The mechanical indication of response to stimulus 
is delayed by a period which is somewhat indefinite ;i for 
the initiation of responsive growth variation will necessarily 
lag behind the perception of stimulus. 

Experiment The mechanical response with its draw- 

backs is thus incapable of giving an accurate value of the 
latent period- The electrical method of investigation labours 
under no such disadvantage, since the excitation is here 
detected even in the absence, of movement. The perception 
of stimulus will thus be followed by response without 
undue delay. I shall in this connection give a record of 
electric response of the quickly reacting petiole of Tr(ypcBo- 
lum^ when the angle of inclination is increased from zero 


Fig, 1(58,— G-eo-electric response of the petiole of Tmpwolmn. 


to 90^. The responsive movement of the galvanometer 
spot of light was initiated in less than 5 seconds and 
the maximum deflection was reached in the course of 90 
seconds. The angle vras next .reduced to zero, and the 
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deflection practically disappeared in the further conrse of 
a minute and a half (Fig. 168). There was a smali 
^‘ excitation remainder ”. But with vigorous specimens the 
recovery is complete. 

The latent period of quickly reacting petiole of Tro- 
pmoltim is thus about 5 seconds, a value which is more 
consonant ’with the idea of particles inducing excitation by 
their fall through an exceedingly short distance. In very 
sluggish organs latent period may be as long as a 
minute (Fig. 169), which is considerably shorter than an 



Fm. 169.— G-eo-electric I'esponse of tbe scape of UricUs. 

hour, the generally accepted value. Further even in the 
electric response, the latent period will be delayed beyond 
the period of perception. For this perception takes place 
in some unknown sensitive layer in the interior of the 
tissue, while electric contact is made with the epidermis 
outside. It is obvious that certain time must elapse before 
the excitation, initiated at the sensitive layer, should reach 
the epidermis. Under ideal conditions of experiment which 
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will lie described in a subsequent chapter, the ■ latent period 
for geotropic ■ excitation, I find, to be sometimes as short as 
a^secoiid.. 

PHYKSIOIiOGICJAL GHA.BACTBE OF GEO-ELEOTEIC EEJSPONSB,- 

The intensity of the electro-motive variation is found 
to depend on the physiological vigour of the specimen. 
The plant, used for most of the above experi- 

ments, are at the best condition of growth in Calcutta 
in February; after this the plants begin to decline in 
March and die off by the end of April. 

Experiment 774.-— In February the intensity of electric 
response was nearly double of that in March ; it was only 
in March that I made quantitative determination of the 
induced electro-motive force between the upper and lower 
contacts on rotation of the specimen from zero to 90^. 
The E. M. F. was determined by the potentiometer method. 
I give below the following typical values obtained with 
two different specimens: — 

Specimen ... Induced E. M. F. 

(1) ... ... 12 millivolts. 

( 2 ) 15 „ 

In the most favourable season the induced electro- 
motive force is likely to ^xeeed the above value very 
considerably. 

Effect of Age , — While a young petiole gave the above 
value, an old specimen from the same plant exhibited 
no response. The plants were in a dying condition in 
April and all indications of electrical reaction were found 
abolished. The physiological character of the response was 
also demonstrated by first obtaining the normal electric 
response in a vigorous specimen ; after death, by immersion 
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ill boiiing^ water,' the .plant' gave no electri.o. .response to' 
■geotropic- stiirmlus* 

B.FFECT OF DIFFERENTIAL EXCITABILITY OP, THE ORGAN* , : ' 

... I have hitherto described the. ,geo-electric , effect of 
radial ' and isotropic organs. The' induced E, M. P. at 90° 
was found practically the same whether A was above and 
B below, and versa. In the mechanical response of the 
pnivinns of Mimosa^ the geotropic excitability was, however, 
found to be greater in the lower half than in the upper 
(p. 440). I wished to investigate the question of differential 
geotropic excitability anew, by means of electric response* 

Experiment 175.— Electric connections with the galvano- 
meter were made with the upper and lower lialveB of the 
pulvinus, the organ being placed in the vertical or neutral 
position. The angle of inclination was then increased to 
90° in the positive and negative directions alternately. 


TABLE XXXIV. — DIPFEEENCE OF OEO-ELEGTRIC RESPONSE OF UPPEE AND 
LOWER HALVES OF THE PULVINUS OF Mimoza, 


Specimen. 

Position of particular half of pulvinus. 

Induced B. M.. F. 

(1) 

( Upper lialf above 


23 millivolts.. 

\ Lower half above 

, ... 

ao „ ■ 

(•2) 

1 Upper half above 

• w •* 

16 ,, 

t Lower half above 


29 „ 


Til' the former case the upper half of the puMiiiis occu- 
..pied the ^ up*-position :in the 'Second case the up-position .w.as 
occupied .by the lower ha.lf - 'of the pulvinus.. In dioth cases 
strong electric,. ;responses_ . were ; obtained, the ■' upper point 
of contact being always-, gal vanometrically negative. ' There 
was, however, a difference , between the two, responsesv the 
excitatory el^otro-motiv.e . variation w^as invariably greater 
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when the ' lower half of the ' organ ^ occupied the ' fayoiir- 
able up-position* . This will be seen from the results . of: 
two typical ' experiments in table .given above, 

■The electrical mode of ' investigation thus leads to con- 
firm the result obtained with mechanical method that the 
lower half of the pulvinus of MUnosa is geotropically 
more excitable than the upper half. 

BELATTON BETWEEN ANGLE OP INCLINATION AND 
GEOTKOPIC EFFECT. 

In the Method of Axial notation, the condition of the 
experiment is ideally perfect ; in the neutral position the 
sides A and B are both parallel to the vertical lines of 
gravity, and are little affected by geotropic reaction. As 
the specimen is rotated on its long axis the vertical com- 
ponent of the force of gravity increases with the angle of 
inclination. The hypothetical statoiithic particles will be- 
come displaced all along the cell, and the vertical pressure 
exerted by them will also increase with the angle. 

The geo-electric response will then afford us a measure 
of the intensity of excitation induced at various angles of 
inclination. The mechanical response on account of its 
inherent defects does not afford us the true relation be- 
tween the angle of inclination and intensity of geotropic 
reaction. But the electric method of inquiry is free from 
the defects of the mechanical method. 

Experiment 176.— The specimen was rotated so that the 
angle of rotation was 45^^, and the maximum electric 
response observed. The angle was next increased to 90^ 
and the reading for the enhanced response taken. The 
ratio of the geo-electric response at 90^ and 45^, thus 
affords us a measure of the effective stimulations at the 
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two .angles. I. . give b6lo%y, a, table which gives, , results 
obtained with 24 different . specimens. 


TABLE XX.XV — EELATiON' BETWEEN ANGLE OF INCLINATION ANT) 
GEOTEOPIC EFFECT. 


No, o,f Bpeciineii. 

Galvaiioiiietrie defleetiuri. 

(a) at 45^ j (h) at 90^* 

liatio fe- , 
a.' 

1 


70 divisions 

... 110 

divisions ... 

' 1*5 

2 


30 „ 

... 45 


1*5 



90 

... 126 

5 , ... 

1-4 

4 


TO „ 

... 100 

##• 

. 1-4' 

5 


21 

... 33 


1*6 

6 


30 

... 50 


1 -6 

7 


52 „ 

... 20 

,, 

1*6 

8 


14 

... 20 


1-4 

9 

... 

10 „ 

... 16 

,, ,»# 

1-6 ' 

10 

... 

45 

... 75 

, ' 

1*5 

11 


25 

... 40 


1-6 

12 


14 

... 20 


1*4 

13 


13 „ 

... 20 


1*6 

14 


30 

... 60 


1*5 

. 16 


38 „ 

... 64 


1*4 

16 


50 „ 

... 75 


1-.5 

17 


55 „ 

... 90 


1*5' 

18 


! 13 „ 

... 20 

,5 ■ ... 

1*5 

19 

« *« 1 

17 „ 

... 25 

... 

1*4 

,20',' 


80 

... 130 


1*5, 

21 


15 

... 22 

„ , ..., 

1*4 

. 22 


45 „ 

... 75 

' 11 »'•' 

^ 1*5. ' ' ', 

■ 23 


135 „ 

... 220 

11 ' **• 

c ■ 1 - 6 ; 

'24 


55 „ 

... 93 

. ■ 1 ■ ■ • • * 

1 * 5 .: 



Mean ratio 

-1*49 




The mean : ratio . 1*49 may thus be. regarded as the 
relative geotropio effects, at 90^ and 45'^ this is practically 

:..'-'t.,34 A. 


45b, 
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the same as =1-4. Hence we arrive at the following 

laW':,'' 

The intensity on geotropic action varies as the sine of the 

directive angles 

. METHOD OF VERTICAL ROTATION. 

I have hitherto described results obtained with the 
Method of Axial Rotation ; I shall now take up the 
second method, that of Vertical Rotation, diagrammatic 
representation of which is given in figure 166V. The speci- 
men is held vertical and two electrical contacts, A and 
B, made with the two lateral sides ; it is then rotated 
round a horizontal axis perpendicular to the length of the 
specimen. Rotation may be carried in a right-handed 
direction with increasing angle with the vertical. The 
point A is thus subjected to enhanced geotropic stimula- 
tion and exhibits increasing electric change of gaivano- 
metric negativity ; continuous decrease of angle of inclina- 
tion to zero by rotation in the reverse direction causes a 
disappearance of the induced electric change. The rota- 
tion is next continued in the negative direction by which 
the point B is increasingly subjected to geotropic action. 
B is now found to exhibit excitatory reaction, the current 
of response having undergone a reversal. Rotation to the 
right and left will be distinguished by plus and minus 
signs. 

ELECTRIO RESPONSE THROUGH AN ENTIRE CyCLK. 

Experiment 177.— When the specimen is vigorous, charac- 
teristic response with its changing sign may be obtained 
through an entire cycle from 0® to -f 45^ to + 90 ’ ; then 
back to 45^ to 0^ to -'45^ to -90®. With less vigorous speci- 
mens the responses becomes enfeebled under fatigue. I give 
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below tbe reealts of a typical experiment carried ,oiit ■. wifcii 
a vigorous specimen,, the response being , distinguished ■ .as 
when A is ■ above, and -f when A is be,iow, .the inversion 
bringing about a reve.rsal direction of the resp.oiisive current. 


Angle of inclination 

+ 45° 

+ 90° 

+450 ! 0° 

t 

-46° 

- 9fP 

Galvanometer deflection 

I-.19 

-35 1 

r" i " 

+ 14' 

+ 25 j 


RELATION BETWEEN ANGLE OP VERTICAL ROTATION .AND 
INTENBITir ■ OP GEOTROPIC REACTION. 

The, relation between, the angle of inclination and the 
resulting geotropic action has ' already been , determined 
by the Method of Axial Rotation. The ratio .bt3t\veeii 
the geotropic 6.ft‘ects at 90^. and 45*^ was thus : found 
to be 1*49, which is nearly the same as , I was 

next desirous of determining the relative excitations at the 
two angles by the Method of Vertical Rotation. It is 
necessary here to refer to certain differences of condition in 
the two methods. In the Axial Method, the hypothetical 
statoliths are distributed uniformly through the length of 
the cell, and rotation round the long axis causes displace- 
ment of the statoliths, the resulting pressure thus Increasing 
with the sine of the angle of inclination. But in the case 
of , vertical rotation through 45^ to the ^ right, the 'statoliths 
originally at. the base of .' the cell acciimiiiate to the 'right 
hand , corner of the cell.; a portion, of the basal side ■ of 
the. cell is thus subjected to p,tessure. Whe'ii the angle is. 
Incre.ased , to ' 90^ the statoliths pasS' along the whole; length 
inciuding the basal and . apical sides of the cell but 4he 
. excitabiiity of the apical ; half , may ' prove , to ^ be greater 
than that of , .the basal .half, 'Hence ,, excitatory V geotropl.c 
e'ffect is not likely . to vary strictly as in sine of . angle. of 
inclinatio., 11 ,. ■ , . , , 
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■ ' . Wh^ be,. I . find as, a ■ restilt o,f 

. experinieiits with .12 , different specimens that the . mean 
ratio of ' the . effects at 90'-'.: and 45^, obtained by the 'Method 
of Tert.ioal Rotation, is 1*8 : 1 which is greater than 1-49 : 1 
obtained ; by the; Method of Axial Rotation, this latter 
.value being practically ■ the same as ■ ' 

SUMMAEY. 

It Is shown that the state of excitation under direct 
stimulus is exhibited by an electrical change of galva- 
nometric negativity ; the effect of indirect stimulus induces, 
on the other hand, an electrical change of galvanometric 
positivity. The negative electric change corresponds to 
contraction and diminution of turgor ; the positive electric 
change indicates, on the other hand, an expansion and 
increase of turgor. 

The electric response to geotropic stimulus is studied 
by the two methods of Axial and Vertical Rotation. The 
upper side of a horizontally laid shoot is found to undergo 
an excitatory change of galvanometric negativity. 

In quick reacting organs the latent period of geo-electric 
response is about 5 seconds, and the maximum excitation 
is induced in the course of 2 minutes. 

The geo-electric response is due to physiological reaction. 
The intensity of response declines with age and is abo- 
lished at the death of the plant. 

Tinder symmetrical conditions, the intensity of geotropic 
reaction is found proportional to the sine of the angle of 
inclination. 

Electric investigation shows that the lower half of the 
pulvinus of Mimosa is geotropically more excitable than 
the upper halt. 


XLI.— THE MECHANICAL AND ELECTRICAL RESPONSE 
OF ROOT TO VARIOUS STIMULI 

By 

Str J. C. Bobe. 

Ik tlie last chapter we studied the electric response , of 
the shoot to the stiniRlus of gravity, and found that the 
excitatory effect of that stimulus is similar to that of other 
forms of stimulation. Before taking up the subject of the 
geo-electric response of the root to gravitational stimuhis, 
I shall describe the effects of other forms of stimuli on the 
mechanical and electrical response of the root. 

In connection with this subject, it should be borne in 
mind that the responsive curvature in the root takes place 
in the sub-apical growing zone which is separated by a 
certain distance from the tip. The stimulus is therefore 
direct when applied at the responding growing region ; it is 
indirect when applied at the tip of the root. The interven- 
ing distance between the root-tip and the responsive zone of 
growth is semi-eonducting or non-conducting, 

I shall proceed to give an account of my investigations 
: on the response of the root to direct and indirect unilateral 
Stimulation., We shall study:— 

' (1) The Mechanical response To Direct unilateral Mb 
■ mulus. 

., , '(2) The Eieotricai response to' Direct unilateral ■ sfeiinn* 
Ins. , 

(?>) The. Mechanical -, response ■ to .Indirect , unilateral 
' ' ■■stimulus.'- 
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■ (4) The Electrical response- to Indirect unilateral stl- 
, iniiius. 

■ MECHANICAL RESPONSE- TO DIRECT STIMULUS. 

As the geotropic responses of the shoot and the root are 
opposed to each other, the object of the investigation is to 
find out ; whether the response of the root to varions stimuli 
is specifically different from that of the shoot. We have 
seen that tissnes in general respond to direct unilateral 
stimnlns by contraction of the proximal and expansion of 
the distal side, the tropic curvature being thus positive. We 
shall now determine whether direct unilateral stimulation 
of the root induces a tropic movement which is similar or 
dissimilar to that exhibited by the shoot. 

Experiment 178 . — In experimenting with roots of vari- 
ous plants I obtained results which are precisely similar 
to that of the shoot. The movement of the root was ob- 
served by means of a reading microscope focussed on the 
tip of the organ. I employed various forms of stimuli, me- 
chanical, thermal, and chemical. Unilateral application of 
these on one side of the growing region gave rise to a posi- 
tive tropic curvature, resulting in a movement towards the 
stimulus. These experiments confirm Sachs’ observation 
that unilateral application of stimulus in the region of 
growth induces positive curvature of the root. 

'. ELECTRICAL, B'BSFONSE TO DIRECT STIMULATION., 

I next undertook an investigation on the electric response 
of the root to direct unilateral stimulation. 

Experiment 179 , — The terminals of the galvanometer 
were suitably connected with the two diametrically opposite 
points A and B in the growing region of the root. Stimulus 
was now applied very near the point A, the various stimuli 
employed in different experiments being : (1) mechanical, 
(2) chemical, and (3) thermal. In every instance the excited 
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A 







.point A .becomes gal vaiiometricaliy negative, .This shows ' 
that , the response of the root is in no way. different .from 
that of the ' shoot. 

MECHA^'ICAL EESPOKSE TO IKBJRECT STIMULUS. . 

Before describing the effect of indirect , stimulus - on the 

root, I shall recapitulate, its, 
effects on ordinary tissnes. 
I have shown! that the 
effect of indirect tmilat-eral 
stimuiiis is to induce a 
movement away from stimn- 
1ns, This was showm to be 
the case with the bnd of 
Crinuni (p. 275) and the 
tendril of Passijhra (p. 291). 
The mechamcal and electric 
response to indirect stimu- 
lation in the shoot is shown 
in the diagrammatic re- 
presentation (Fig, 170). I 
shall now proceed to des- 
cribe the mechanical res- 
ponse induced by unilateral 
stimulation of the root tip- 
'As . the responding region" 
of growth is at some .'dis- 
tance from the .tip, the stimulation is therefore indirect. . 

. Experiment 180,— 1 employed at first mechanical .stimu- 
,.1-us of . moderate , intensity by rubbing one side of the, tip of 
,'the root of .Bindtmed; this induced a ..movement away from 
'stimulus. Uniiater application of dilute . ' .acid . gave :..rise 
.to a similar response. Thermal stimulus of mo'derate intensity 
also induced responsive movement ■ away from the stimulus 
(Fig. 171). 


Fig. 170.-“Mechanical and electrical 
response to indirect stimulation at dotted 
arrow. In figure to the left, the point 
A* on the same side undergoes expansion’ 
with responsive mechanical movement 
away from stimulus indicated by con- 
tinuous arrow. In figure to the right, 
indirect stimulus at dotted arrow induces 
electric response of galvanometric posi- 
tivity at A, indicative of increase of tur- 
gor and expansion. 
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^ Barwiii ill Ms Moveme^its^ of Plants described , experi- 
ments on the responsive behaviour oh the tip of the 'radiclev 
He prodnced miilateral stimulation in ■ three different ways^ 
first by attaching minute fragments of cardboard to one 
side of the -root-tip ; this moderate and constant irritation 
was found to induce a convexity on the same side of the 
growing region, with the resulting negative movement, i.e., 
away from stimulus. His second method , was chemical, one 
side of the tip being touched with silver nitrate; the third 
method of stimulation was a slanting cut. Ail these methods 
induced a movement away from stimulus. 


ILECTBICAL RESPONSE TO INDIRECT STIMULATION. 


‘The next investigation was for the determination of the 
electrical change induced in the growing region by applica- 
tion of unilateral stimulus at the root-tip. 

Expermmit 181 , — One of the two electrical connections 

with the galvanometer is made 
V] at one side of the growing region 

AL B other connection being 

-el' made with the diametrically 

\ ,.,4 opposite point B. Unilateral 

^ stimulus was applied at the root 

^ tip a, of the bean plant and on 

the same side as A. I subjected 

Fig. 171. --Diagrammatic repre- the tip tO variOUS modeS of uui- 
sentation of mechanical and electric 

response of root to indirect stimulus lateral Stimulation- Mechanical 

applied at the tip a. Figure to stimulation was effected by emery- 

the left shows responsive move- « , , 

ment awa^’' from stimulus. The friction Or by pin-priCk ; 

electric response to indirect stirauius chemical Stimulation waS pro- 
is indicated in the tigure to the i j , t .. r. . 

right; the point on the same aide by application of dilute 

exhibiting galvanometric positivity, liydf OChlorlc acid. Thermal Stl- 

The shaded part indicates the j^uktion waS Caused by the 

responsive region of growth at ^ ^ 

some distance from the tip. proximity of electrically heated 

platinum wire. In every case the response was by 
induced galvammetric positivity at A (Fig. 171). This 
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electrical variatioE took' place .within about ten seconds 
of. the application of stimulus'; the iiitervait, would .o'b- 
Tiously depend on the, length 'of path to ^ he, traversed 
by the transmitted effect' of indirect' stim,iiiatioE., 

. The galvanometric positivity at .A indicated that there 
was induced at that point an increase , of turgor and, ex- 
pansion, in consequence of which the organ would move 
away from stimulus. Thus both by the mechanical and 
electrical methods of investigation we arrive at an identical 
conclusion that the effects of unilateral stimulus at the 
tip of the root gives rise to a movement, by which the 
organ is moved away from the source of stimulus ; since 
tropic movement towards stimulus is termed postiitm^ this 
opposite response must be regarded as negative. 


tABLE XXXVI, — EFFECT OF INDIRECT STIMULUS IJNILATERALLV APPUED 
AT THE ROOT-TIP. 


1 

Effect at the proxifual side A in the 
growing region. 

Effect at the distal 
side B. 

Galvanometric positivity, indicative of 
increase of turgor and expansion. : 

Ne.i'ligilile. 

The corresponding tropic curvature is negative, i.e., a movement 
away from Btirnnlua, 

, , '■ ' ■ . ■■ ■ ■ . ' ■■ 


The root-tip when burrowing its way underground comes 
in contact with hard , substances and moves away ,£rom the 
source of irritation. The irritability of the root-tip is 
generally reg,ard6d .as being specially evolved,, for the .',ad- 
vantage of ,„the plant. 'But reference to experiments that,, 
have been ' described ^ shows , that this reaction Is not .unique 
but exhibited' by all plant . organs, growing and non-grow- 
ing. Indirect , 's.timulus .has ' bee,n shown to, .give, rise, ,:,in' 
both shoot and root, to a 7 iegative tropio curvature in' 
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coatrasi to ' the curvature brought about by direct 

stimulation ; the response of the root ■ is therefore in no 
way different from that of vegetable tissues in general* 

It will also be seen that an identical stimulus induces 
two opposite effects, according as the stimulus is applied 
at the tip or at the growing region itself. In the former 
case, the stimulus is indirect, and in the latter case it is 
direct. The results are in strict conformity with the laws 
of effects of direct and indirect stimulations that have 
been established regarding plant response in general (p. 231). 

SUMMARY. 

In the root, the responsive region is in the zone of 
growth. The tip of the root is separated from the region 
of response by a semi-conducting or non-conducting tissue. 

Direct unilateral stimulus (applied at the region of 
growth) [induces a positive curvature by the contraction of 
the proximal and expansion of the distal side. 

The electrical response to direct unilateral stimulus is 
galvanometric negativity of the proximal, and gal va nometric 
positivity of the distal side. 

Indirect unilateral stimulus induces expansion of the 
proximal side resulting in negative curvature and move- 
ment away from stimulus. 

The corresponding electric response induced is galvano- 
metric positivity of the proximal side. 

The responses of the root, to both direct and indirect 
stimulations, are precisely similar to those in the shoot. The 
assumption of specific irritability of the root as differing 
from that of the shoot, is without any justification. 



. :XLII.— GEO-ELECTRO RESPONSE OF ROOT 

By 

Sir J. G, Bobb^ 

Assisted by 

Satyekdra Chandra Guha, 

The eii'ectB of various stimuli, direct and indirect, on 
the response of the root have been described in the last 
chapter. These responsive reactions have been foiiiiil to 
be in no way different from those of the shoot. But the 
shoot and the root exhibit under the stimuius of gravity, 
responsive movements which are diametrically opposite to 
each other. These opposite effects of an identical stimulus 
have been regarded as due to specitic differences of irrita- 
bility in the two organs, specially evolved for the advantage 
of the plant. The root is thus supposed to be charac- 
terised by ‘‘ positive ” and the shoot by “ negative geotro- 
pism. 

As regards r'esponse to other forms of stimuli, the root 
has been shown to behave like the shoot. We have now 
to inquire whether the reaction of the root to gravitational 
stimulus is specifically different to that of the shoot* 

The electric method of investigation described in the 
last chapter, holds out the possibility of discovering' the 
character of the responsive- reaction induced in ' the root 
by its displacement from, vertical, to horizontal position-:; 
we shall, moreover, be able' to ' make an electrical explora- 
,.tion,,of. the,, root-tip and; .the. .zone of growth, ,, and thus 
■ determine . the .; qualitative ■ changes of , response,' induced 
.. ill tw.o regions .of .the , root ,-und.er the .action of gravitational 
■stimulus/ ..For the detection of geotropic, ...action- in the. shoot, 
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.eleotric ^contacts were made - at two points diametrically 
opposite to each .otlien Displacement of the shoot from 
vertical 'to horizontal position induced * excitatory change 
of galvanometric negativity at the upper side of the organ, 
demonstrating the effect of direct stimulation of , that side ; 
this excitatory reaction of the upper side finds independent 
mechanical expression in the induced contraction and 
concavity of that side of the organ, 

I employ a similar electric method for detection of 
geotropie excitation of the root,, responses to geotropic 
stimulus being taken at the root-tip and also at the zone 
of growth in which geotropic curvature is effected. I 
shall now proceed to give a detailed description of the 
characteristic electric responses of the tip and of the growing 
region. 

The two diametrically opposite contacts at the tip 
will be distinguished as a and 6, the corresponding points 
higher up in the growing region being A and B. When the 
root is vertical the electric conditions of the two diame- 
trically opposite points are practically the same. But 
when the root is rotated in a vertical plane through -f 90 
a geo-electric response will be found to take place ; the 
direction of the responsive current disappears when the 
root is brought back to the vertical. Rotation through 

-90° gives rise again to a responsive current, but its 
direction is found reversed. 


GEO-ELECTRIO RESPONSE OF THE ROOT-TIP. 

Experiment 182 , — I took the root of the bean plant and 
made two electric contacts with the diametrically opposite 
points, a and b, of the root-tip at a distance of about 1*5 
mm. from the extreme end. Owing to the very small 
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size of the ' tip , this is by no means, an, , easy .operation, 
Two' platiiinm points tipped- with kaolin paste are very 
carefully adjusted so as. to ma.ke good electric contacts', at 
the two opposite sides, without exerting undue pressure* 
For geotropic stimulation the root has to be laid ; liorizoiital,: 
and as the root of the bean -plant is somewhat long an.(i 
limp, displacement from the -vertical position 'is apt : to 
cause a break of the electric contact. This is avoided by 
supporting the root from the top and also from, the 
sides ; for the latter purpose, I nse paddings of cotton wool; 

After due observance of these precautions the electric 
response obtained .is found to be very definite; when the 
root is made horizontal, by I’otation of the root through 
+ 90°, the point a is above, and the responsive current is 
found to flow from h to a, the vpper side of the 'Up 
becoming galvanometrically negative ; when the root is 
brought back to the vertical, the responsive current dis- 
appears ; rotation through - 90® makes the point h occupy 



Fiu. 172 .--rnagrammat.ie . representation of geo-eleetric responBt! of rf)ot.-i,ip. 
The midflic ligure sho ws root in vertical position. Rotation through + W-* placrcs 
a above, which becomes galvanometrically negative. Rotation through - hO'-', 

places b above and makes it negative. 

the upper position, : and the .responsive current Is., from , a .. to 
the upper '.side , .thus,, exhibits in' every , case, -, an exeita-. 
tory electric change of 'galvaaometric negativity p '172), 
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Tlie root-tip .tiinB exhibits the characteristic response to direct 
stimtilatioii* Experiments' carried out with 12 different 
specimens gave concordant results. The following table 
gives the absolute values of ' electro-motive force induced 
at the tip under geotropic stimulus. 


table XXXVII# — GEO-ELBCTRIC RESPONSE OF THE ROOT TIP (Fioia Foba), 


Speciiiien. 

Induced E, M. F. 

1 , ... 

0-0005 volt. 

2 

0-0011 „ 

3 

0-0010 „ 

4 

0-0015 


ELECTRIC RESPONSE IN THE GROWING REGION. 

Experiment 18S . — I next undertook an investigation on 
the electric variation induced in the growing region under 
the stimulus of gravity. The experimental difficulties are 
here greatly reduced, since the available area of contact 
for galvanometric connection is not so restricted as in the 
case of the root-tip. The specimen is securely mounted so 
that the root is vertical. It is next rotated in the vertical 
plane through -h90°, so that the point A in the growing 
region occupied the upper position. The electric response 
in the growing region took place in a short time and was 
very distinct. The induced electric change at A was now 
galvanometric positivity indicative of increase of ttirgor 
‘ and expansion. 
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• Tlie ..series ^ of experiments ■ were carried , out; in fclie 
.following order, , .The specimen ■ was iBrst rotated .tlipoiigli 
4-, 90° so , that A was above* The responsive electric varia- 
tion .rendered it galvanometrically positive, . The '.root was 
rotated back to neutral position, when the , current, .dig- 
appeared. The root was next rotated through -90^ and 
.the responsive current became.; reversed, the upper B l>ecoiii- 
ing electro-positive (Fig, 173). The alternative rotations 
through +90° and -90° were carriiul out six times in 
succession with, consistent results. The interval allowed. 
betAveen one stimulation and the next Avas determined by 
the . period of complete recoAnry. Growing fatigue Avas 



Fig, 17 a. — Diagrammatic repreaentation of geo-electrio reaj)onse of growing 
region of root. («) Rotation through --90^ makes B, galvaiionuitricall;s' positive. 
{b) Vertical and neutral position, (c) Rotation through +90'’ p]a{?es A above and 
renders it galvanometrically positive, (d) Additive effect on current of response, 
ro!)t-tip a negative, and growing region A positive. 

found to increase this. period; at first it Avas siwmi .minutes, 
at, the second repetition ’it Avas . ten minutes, aiul,^ at the 
third, time, it was prolonged to fifteen ■ ml nut as, 

. I„ .give below . dhe-. series, .of; electric respoiisas inciuceddiy 
alternate rotations through ' +90^, and - 90°, The ■ upp^er 
position was occupied T)y.:.A.in the mdd;' series,, and by., B 
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ill the e’s’en series. In every case the upper side became 
galvanometrically positive. 


table xxxviii. — geo-electric response of root in the region 

OF GROWTH. 


Odd 

series. 

Galvanometer deflection 

A, positive. 

Even 

series. 

G alvanoraeter deflection 

B, positive. 

1 

20 divisions. 

2 

18 divisions, 

3 

16 „ 

4 

1*^ , „ 

5' ' 

ID „ 

fl 

12 

! 


ABDIT.TVE AOTION-CXJRHENT AT THE TIP AND THE 
GROWING REGION. 

It has been shown that under geotropic stimulus the 
upper side of the tip, ri, becomes galYanometrically nega- 
tive, while the point A, higher up in the growing region, 
becomes gaivanometrically positive. If now we make the 
two galvanoinetric connections with a and A, the induced 
electric difference is increased, and the galvanometric res- 
ponse becomes enhanced. 

Experiment 184 , — The root was at first held Terticai, 
and two electric contacts made with a and A. In this 
neutral position there is little or no current. But as soon 
as the root was laid horizontal, an eiectro-motive response 
was obtained which showed that a was galvanometrically 
negative, a.nd A galvanometrically positive (Fig. 173d). 
The induced electric response disappeared on restoration of 
the root to the vertical position. I give below the results 
of typical experiments with a vigorous specimen which, 
gave strong elecrric response. It was possible to repeat 
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.the. geotropic , stiMiilation six ' times ia, .,sti.ccessioix,, . the 
.results being perfectly consistent. The responses taMn 
ill succession exhibited . slight fatigue, the first', defl..6Ctioii 
being 140 .divisions, and. the '-sixth ,115 divisio'iis of „ " tlio 
galvaiioineter scale, ' 


TABLE XXXIK. — IXDUCED E. M. F. VARIATION .BETWEEN THE TIP AND 
THE CROWING REGION (a NEGATIVE AND A POSITIVE). 


Geotropic stirrmlatioii. 

Resulting electric response. 

., ! 

First st ill villa t ion 

1 

140 divisions., | 

Second „ ■ 

1‘10 

Third 

130 ,, 

1 ' Fourth ,, 

m 

Fifth „ 

127 „ 

, 'Sixth „ ■ , ... 

115 „ 


The results of experiments 182 and 183 are summarised 
as follows : — 

(1) the induced galvanometric negativity at root tip 

indicates direct stimulation of the tip, and 

(2) the induced galvanometric positivity of the grow- 

ing region shows that it is the edfect of indirect 
stimulus that reaches it. 

From these facts, it, will be .seen, that, the tip per- 
ceives the stimulus .and thus , undergoes excitation, and that 
owing to the intervening-. : '.tissue , being..' -a semi-conductor 
of excitation, it is '.' 'the, 'positive, impuls'e that reaches the 

,V: A 35 a 
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..growing 'region , .and, . induces ' there ■ an ■. expansion, , and ,;a 
c.onv.ex curvature. 

^ ^ THE BOOT TIP. 

The results given above fully confirm Charles Dar wind's 
discovery that it is the root tip that perceives the stiin- 
iilns of gravity’^; he found that removal of the tip 
abolished the geotropic response of the root. Objection 
has been raised about the shock-effect of operation itself 
being the cause of abolition of res|)onse, But subsequent 
observations have shown that Darwin’s conclusions are in 
the main correct. 

The experiments which I have described on the geo- 
electric response of the root tip and of the growing 

region offer convincing proof of the perception of the 
stimulus at the tip, and the transmission of the effect of 
indirect stimulus to the growing region. These experi- 

ments exhibit in an identical iminjured organ : the excita- 
tory reaction at the upper side of the tip, the cessation 

of excitation, and the excitation of the opposite side of 

the tip, following the rotation of the organ tlirough. 
+ 90®, 0° and - 90®, The effect at the growing zone is 
precisely the opposite to that at the tip, i.e.^ an expansive 

"^“This view has been the subject of a consWerable amount of controversy. 
Wieaner denies the localisation of geotropic sensitiveness. Czapek, on the 
other hand, supports Darwin’s theory. Recently Picard, has attacked t,he 
problem in a new way (and) concludes that not only the root tip but also the 
entire growing zone is capable of perceiving gravitational stimuli. ... As 
both Picard’s experimental method and bia interpretation are open to criticism, 
the author has repeated his experiments with a more satisfactory apparatus. 
He rinds that in Vida Faba, Phaseolus mxtUeJlorus and Lupinas albus, both 
apex and growing zone are geotropically sensitive, the former being by far the 
more sensitive of the two, and the , curvature of the growing zone being 
wifnout a doubt largely induced by secondary stimuli transmitted from the 
apical region. ; harles Darwin’s views were therefore in the main correct,”— 
Haberlandt — Ibup p, 748. 


, 0:EiO-BM€T.BlC BBSPOl^SB Of BOOT , ' 475 

reaction ^viiich resnlts' from ;4.he effect of, indirect Btimn- 
Ins, in,, contrast to the contractile , reaction cine to ■ direct 
stimulation. ' . 

^ We may now proceed a step further and try to obtai,ii,, 
some ., .idea of ■ the difference in' the mechanics of geotropic 
,stim illation' of the, shoot, and of the root, to account for 
the different responses in , the two .organs. The reas.on 
of this difference lies in ,the fact that in the shoot 'the 
perceptive and responding region is one and the same ; 
every cut-piece of stem exhibits the characteristic geo- 
tropic curvature. In the root the case is different; for 
the removal of the sensitive root-tip reduces or abolishes 
the geotropic action ; the region, of maximum geotropic 
perception is thus separated from that of response. It 

rniisi be borne in mind ihit this holds goad only in the 

ease of gravitational stimulus^ for the decapitated root 
still continues to respond to other forms of stimulation 
siioli as chemical or photic. 

The cause of this difference in the reactions to 

geotropic and other stimuli lies in the fact that in the 

latter case, energy is supplied from outside. But in 
geotropism the force of gravity is by itself inoperative ; 
it is only through the weight of the ceil contents that 
the stimulus becomes effective. Want of recognition of this 
fundamental difference has led many observers in their 
far-fetched and sweeping attempt, to establish an identity 
of reaction of the root to geotropic and photic stimula- 
tions, in spite of facts which plainly contradict it. Thus 
the root moves away from the incident vertical line 
of gravity; but under , light, .the root very often moves 
towards the stimulus. .The negative phototropic response 
of the root of is an exceptional phenomenon, for 

which full explanation „ha.3--„: been gi.ven in page 376. 

We shall next consider whether the particular distri- 
bution of the falling starch-grains (which offers a rational 
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explanation of geotropic stimulation) in tlie shoot ' and,,, in ,, 
the root,, is' capable .of" furnishing an' explanation, of the,' 
different geotropic Tesponses in the two organs. In this 
coniieetion, the results of, investigation of Haberlandt and 
Neinec are highly saggestive. Haberlandt finds statoliths 
present In the responding region of the stein ; the 
geotropic stimulation of the stem is therefore direct. 
Nemec’s investigation on the distribution of statoliths in 
the root show, on the other hand, that it is the central 
portion of the root cap that contains the falling starch 
grains, and this would account for the iiidirect geotropic 
stimniation of the root. 

The theory of statoliths is, however, not essential for 
the explanation of the opposite geotropic effects in the 
shoot and in the root. The observed fact, that the percep- 
tive region in the root is separated from the responding 
region, is sufficient to explain the difference of geotropic 
action in the twr) organs. Through whatever means the 
stimulus of gravity may act, it is inevitable, from the 
fact that the stimulation of the shoot is direct and of the 
root indirect, that an identical stimulus should in two 
cases induce responsive reactions of opposite signs. 

It will thus be seen that the postulation of two different 
irritabilities in the shoot and in the root is wholly 
unnecessary and unwarranted by facts. For the irrita- 
bility of the root has been shown to be in no way 
different from that of other organs ; an uniformity is thus 
found to exist in the reaction of all vegetabie tissues* 

SUMMARY. 

On subjection of the tip of the root to the stimulus 
of gravity, the upper side exhibits excitatory reaction of 
gaivanometric negativity. This shows that the root-tip 
undergoes direct stimulation. 
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Tlie, electric response in -the- growing*, region ^ above, the 
stiinuiated point ^ of the root-tip is positive, iiiclieative of, 
increase of turgor .and expansion. ' This is: :dae,to the effect 
of indirect siimuins. 

' The slimiilns of gravity, is perceived at the root-tip, ; 
it is the effect of indirect stimulus that is tran.siiiitted to 
the responding region of growth... 

In contrast with the above is the fact, that the growing 
region of the , shoot is , boiii sensitive and , respo,nsive to 
geotropic stimuius* 

As the effects .of direct and indirect stim.,idation on 
growth are antithetic, the. responses, of . shoot ' and., root , to 
the direct and indirect ' .stimulus must be of opposite 
sign.s. 

There is no necessity for postulating two different irri- 
tabilities fo,r the shoot and the root, since tissues in genera! 
e.xhibit positive or negative . curvatures according as the 
stimulus is direct or indirect. 



XLIIL-~™LOGALISATION OF GEO-PEROEPTIVE LAYER 

/ ;by- means op the electric probe 

By ■ 

Sir J. C. Bose, 

Amisted by 

Satye^ntdra Chandra Guha. 

The obscurities wbich snrroiind the phenomenon of 
geotropism arise : (1) from the invisibiiifcy of the stimuiating 
agent, (2) from want of definite knowledge as to whether 
the fundamental reaction is contractile or expansive, and 
(3) from the peculiar characteristic that the stimulus is only 
effective when the external force of gravity internally 

through the mass of contents of the vsensitive ceils. 

The experiments that have been detailed in the foregoing 
chapters will have removed most of the difficulties. But 
beyond these is the question of that power possessed 
by plants of perceiving geotropic stimulus by means of 
certain locaiised sense organs, which send out impulses in 
response to which neighbouring cells carry out the move- 
ment of orientation in a definite direction. Are the sensi- 
tive cells diffusely distributed in the organ or do they ‘form 
a definite layer ? Could we by the well established method 
of physiological response localise the sensitive cells in the 
interior of the organ ? As the internal cells are not acces- 
sible, the problem would appear to be beyond the reach of 
experimental investigation. 

It is true that post-mortem examination of sectioned 
tissues under the microscope enables us to form a probable 
hypothesis as regards the contents of certain cells causing 
geotropic irritation ; we have thus the very iliuminating 


.. liOCAMSATIOK .OF aBO-PEECBPTi.?E LAtEB ■ 479 

theory of • statoliths ■, propounded . by Noil, llaberlaiicit and 
:Nemec« But for the clear understaudiiig of . the phi^sioiogi cal 
reaction which induces' the orientating movement, it ' is neceS'- 
sary to get hold, as it were, of a single or a group of 
sensory cells in sUn and in.' a condition .of fullest vital 
■activity; to.de.tect and follow by so.ma subtle, means the 
change induced in the, perceptive organ and the irradiation , 
of excitation to neighbouring cells, through the entire 
cycles of reaction, from the onset of ■ geotropic stinuiliis 
to its cessation,. 

The idea of obtaining access to the unknown ' geo-percep- 
tive ceil in ■ the . interior of the organ for carrying out 
various physiological tests would appear to be very extra- 
vagant; yet I could not altogether give up the thought that 
the obscure problem of geo tropic action might be attacked 
with some chance of success, by means of an electric probe 
which -would explore the excitatory electric distribution in 
the interior of the organ. But the experimental difficulties 
which stood in the way were so great that for a long time 
I gave up any serious attempt to pursue the subject. And 
it is only when the present volume is going througli the 
press that the very first experiments undertaken proved so 
highly successful th<at I am able to give a short account of 
the more important results, which oast a flood of light on 
the obscurities of geotropic phenomena. The new method 
has opened out, moreover, 'a very- extensive range of 
investigation on the . activities of cells in the interior ' of 
'an .organ,' and ■enabled' me to , .localise the , conducting 
‘ nerve ’ which transmits excitation in plants. These and 
other .res'iilt's., will be given in dhe ' next voluriie. ■, ■ 

METHOD, OP B,XPbORATION BY. 'THE ILECTBIC PROBE,. , 

The principle : of The hew",.;' method ,', will be better undex- 
stood if . I first, . explained the ■; steps '.of ■ reas.oning by which 
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I: .was led. to discover it./ The -experiments., . described : in 
Chapter XL showed that the upper surface of a horizon- 
, tally . laid ..shoot .exhibits sign of excitation' by .induced 
galvanometric negativity; that this was due to the stimulus 
of gravity was made clear by restoration of the plant-organ 
to the vertical position, when all signs of electric excitation 
disappeared. Now the skin of the organ on which the 
electrode was applied could not be the perceptive organ, for 
the removal of the epidermis did not abolish the geotropic 
action ; the perceptive layer must therefore lie somewhere 
in the interior. As every side of a radial organ undergoes 
geotropic excitation, the geo-perceptive cells must therefore 
be disposed in a cylindrical layer, at some unknown depth 



B-iGr. 174. — Biagrammatic representation of the geo-perceptive layer in 

unexcited vertical, and in excited homontal position. (See text.). 


from the surface. In a longitudinal section of the shoot, 
they would appear as two straight lines G and G' (Fig. 174). 
In a vertical position the geo-perceptive layer will remain 
quiescent but rotation through + 90° would initiate the 
excitatory reaction. Let us first centre our attention to the 
geo-perceptive layer G, which occupies the upper position. 
This sensitive layer perceives the stimulus and is therefore 
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the .focus of irritation ,'the state - of excitati-oii is, . as we ha¥e 
seen, deteoted by induced galvanornetric negativity, and the 
electric change , would be most intense at .the perceptive 
layer itselL As the power of transverse noiidiictioii is feeble, 
the ; excitation ^of the perceptive, layer will irradiate into. .the 
/neighbouring cells ..in radial directions with intensity, .dimini- 
shing . with , distance.. Hence the intensity of responsive 
electric . change will decline in both directions outwards and 
inwards* . . 

The distribution of the excitatory change, initiated at 
the perceptive layer and irradiated in radial directions is 
represented by the depth of shading, the darkest shadow- 
being on the perceptive layer. Had excitation been attended 
with change of light into shade, we woul d have witnessed 
the spectacle of a deep shadow (vanishing towards the 
edges) spreading over the different layers of cells during 
displacement of the organ from vertical to horizontal; the 
shadow would have disappeared on the restoration of the 
organ to the vertical position* 

Different shades of excitation in different layers is, how- 
ever, capable of discrimination by means of an insulated 
electric probe, wdiich is gradually pushed into the organ 
from outside. It will at first encounter increasing excitatory 
change during its approach to the perceptive layer wliere 
the ' . irritation will be at its' maximum. The indicating' 
galvanometer in connection with the. probe will thus indi- 
cate increasing galvanornetric negativity, which will . reac.li a 
maximum value .at t.he. moment of contact v.>f .tdie.. probe with 
.the perceptive layer. 

... .It wilt be understood that the’: surface . electric .reaction 
■under geotropic .sti mul us, .■ which we. hitherto o btainecl, w oul d 
be relatively feeble* , co.mpared -.tO/ 'the response obtained 
with direct contact with ;the,.maxi'maily' excited... perceptive 
layer. 'When, the probe .passes /beyond .the. .perceptive layer 
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the electric indicatioa of excitation will undergo decline and 
final abolition. The characteristic effects' described abo;ve 
are to be found only under the action of gra”vitational 
stimulus ; they will be. absent when the organ is held in 
a vertical position and thus freed from geotropic excitation, 

I have hitherto spoken of the excitatory effect of the 
upper layer ; there must be some physiological reaction 
on the lower perceptive layer, though of a different 
character, represented diagrammatically by vertical shading. 
Had the physiological reaction on the lower side of a 
radial organ been the same as on the upper, geotropic 
curvature would have been an impossibility, for similar 
reactions on opposite sides would, by their antagonistic 
eff’ects, 'have neutralised each other. 

After this preliminary explanation, I shall give a detailed 
account of the experiments and results. It is to be borne 
in mind that the investigation I am going to describe pre- 
supposes no hypothesis of geotropic action. I start with the 
observed fact that an organ under the stimulus of gravity, 
exhibits responsive movement. I ascertain the nature of 
the underlying reaction by electric tests ; I have, in my 
previous works, fully demonstrated that the excitatory con- 
tractile reaction is detected by electro-motive change of 
galvanometric negativity, and the opposite expansive reaction 
by a change of galvanometiic positivity. With the 
probe I ascertain whether geotropic irritation is diffuse, or 
whether it is localised at any particular depth of the organ. 
I map out the contour lines of physiological reaction with 
its heights and depths of excitation. 

I shall now proceed to describe the results of electric 
exploration into the interior of the organ. The trouble I 
foresaw, related to the irritation caused by the passage of 
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tile probev aiicl: tlie aft.er-ejffect of wound on ''variation of, 
excitability*. ' : 

THE ELECTRIC PROBE. 

Tlie wound-irritation is, however, reduced to a 
by making the probe exceedingly thin. A fine platinum. 



PiO. 175.~-The Electric Probe. Figtire to the left represents one electric 
contact made with sepal rf Nymplma^ and the other, with the flower-stalk by 
means of the probe ; the incladed galvanometer is represented by a circle. 
Figure to the right an enlarged view of the probe. 

wire 0*06 mm. in diameter passes through a glass tubing 
drawn out into a fine capillary, and fused round one end 
of the platinum wire which protrudes very slightly beyond 
the point of fusion ; the exploring electrode is thus in- 
sulated except at the protruded sharp point of the platinum 
wire. , The , length of -the capillary is about 6 mm., just 
long enough 'to^ pass the' . experimental' plant-orgau trans- 
versely from one, end to the' other ' the average diameter 
of the capillary is about 0*15 inm. The other end of the 
piatinum wire comes out of the side of the tubing and is 
led to one terminal of the ■^■galvanometer,,, the other being 
connected with an indifferent point in the organ. The 
probe can be gradually, , pushed; into .. ,„the: plant-organ ' by 
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rotation of a screw liead, one 'Complete rotation causing ' a 
forward, , movement through 0*2 mm. (Fig. 175).' 

Wound-reaction. — I have shown that a prick acts as a 
mechaiiical . stimiilus, and in normal . excitable tissues induces 
an excitatory change of galvanometric negativity. This 
woiind-reaction increases with the extent of the wound, 

ant! the suddenness with which it is inflicted. On account 

of the iineness of the probe, it insinuates itself into the 
tissue rather than make any marked rupture ; the probe 
again is introduced very gradually; with these precautions 
the wound-reaction is found to be greatly reduced. The 
immediate effect of the prick is a negative deflection of 

the galvanometer, which declines and attains a steady value 

in the course of about 5 minutes. 

Effect of umtmd on excitability, — I have shewn (p. 81) that 
severe wound caused by transverse section induced a tempor- 
ary abolition of irritability in Mimosa., but that the normal 
excitability was restored in the course of an hour. A prick 
from a thick pin was shown to depress temporarily the 
rate of growth, the normal rate being restored after an 
interval of 15 minutes (p. 202). In the case of geo-elecfcric 
excitability, the depressing eftect of the passage of the 
probe, I And, to disappear in the course of about 10 
minutes. ' 

For a choice of experimental material we have to find 
specimens which are not merely geotropically sensitive, but 
also exhibit large electric response under stimulus. In both 
these respects the s boot of and the flower 

stalk of Nyuiphwa give good results. 

ELISCTBIC BXPLOEATION FOR GEO-PERCJSPTiVE LAY EE BY 
MEANS OP the’' probe. 

Ecperiment 185, — I shall now proceed to give a detailed 
account of the experiments. The first specimen employed 
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was tlie shoot of Bryophylhm^ contact being, made with 
the side of . the stem, 'and. the.. ■ other with an iiidiif erent 
point' on the , leaf which was always held ' ve,rticai. In a 
particular ex.peri,ment, the probe was introduced info the 
stem through 0•4 mm. and a 'feeble galvanonietric iiegati- 
Yity was induced as the wound-effect. After an interval of 
5 inin'iites,. this attained ■ a steady^' value of -15 .divisions. 
On the rotation of stem through 4-90®, the poi,nt A was 
.above and a very much larger deflection of -'82 divisions was 
obtained, being the result of summation of wound and geo- 
eieotric effects. , On restoration of the plant to vertical posi- 
tion, the , geo-electric reactio.n disappeared,. , leaving the persis- 
tent wound reaction of - 15 divisions, unchanged. The ' true 
geo-electric reaction at a point 0‘4 mm. inside the ' stem, \vm 
thus -67 divisions which is the difference between -82 and 
-15 divisions. I obtained in this manner the excitatoiy 
reactions at diff'erent layers ' of the organ. , The following 
table gives true values of geo-electric reaction at different 
layers of the stem as the probe entered it by steps of 
0*4 mm. 

TABLI5 XL. — SHOWING THE GEO-ELEOTRIO REACTION AT DIFFERENT 
DEPTHS OF THE ORGAN {Bri/Opkl^Uum)* 


Position of the 
probe. 

Oeo-electrie excitation 
(galvanometri<‘ uejuitivity). 

Surface 

- 5 

■ ! 

divisions. ■'' 1 

0'4' nun. 

20 

n 

0*8 ,, «**., 

- 24 

•I ;■ 

1*2 

•i 1 , *•« 

- 22 


••• 

- 18 


2-0 

14 

■SI ' ■ 

2-4 ... 

- 10 

' ■fl j 

1 2-8 

: ■ .5 


j .8-2 

i ~ 0 

i , 

' 'V _ j 


' , . The .results given , above,.-- ■ typical of many ot,-hers, show 
that there .is a , definite- .'layer in the tissue'' which - undergoes 
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maximum excitation .under the stimulus . of : gravity,, and 
'that, tills ' excitation irradiates with diminishing intensity in 
.Tadial , directions inwards and outwards. 

■y The geo-perceptive layer may thus he experimejiially 
locuUsed By . nwasiiring the depth of intriision of the prole 
for maximum deflection of galvanometric negativity. 

Localisation of geo-perceptive layer in Nymphaea : 
Experiment 186. — I employed the same method for the 
determination of the perceptive layer of a ditferent organ 
namely, that of the flower stalk of Nymphcea, The electric 
reaction in Nymphma^ even under the prevailing unfavour- 
able condition of the season, was moderately strong, being 
about three times greater than in Bryophyllum. A dozen 
observations made with different specimens gave very 
consistent results of which the following may be taken 
as typical. The probe was in this case, as in the last, 
moved by steps of (>4 mm. at a time. Other examples 
will be given later where readings were taken for successive 
steps of 0*2 mm. 

TABLE XLI.— SHOWING THE DISTEIBUTION OF INDUCED GEO-ELEGTK!C 
EXCITATION IN DIFFERENT LAYERS {Nymplmo). 


Position of probe. 

Gal van ome trie defleetioo. 

Surface 

0 divisions. 

0*4 Him. ... 

- 16 „ , 

0-8 „ 

1 - 42 - . „ ■ 

12 „ 

i - 20 

1-G „ 

- 10 „ 

2-0 

- 2 . „ 

2-4 „ 

0 „ 


It will be seen that as in BryophyUum, so in Nymphcxa, 
the geo-electric excitation increased at first with increasing 
depth of the tissue till at a depth of 0*8 mm. of the parti- 
cular specimen the induced excitation attained a maximum 
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value. .Tlie. excitatory elfect; then declines, till,: it , vanished 
at a depth, of, 2*4 mm. 

, ^ The depth, of layer at 'which maximum excitatioii: tak.eB 
place varies to some, extent, according to the thickness , :of, 
the shoot. Thus while in a thin specimen of Brpophpllmn 
mm. in diam,eter the geo-perceptive layer was foiiii.d a,t, 
a depth of 0‘6 mm.., it occurred at' the greater depth .of 
0*8 mm. in a thicker specimen, i> mm. in diameter. In 
Nym/ph(pa also the perceptive layer was fonml at a depth 
of 0'8 mm. in a thin and at a depth of 1*4 mrm in a 
: thick specimen. 

Having thus succeeded 'in iocali8i.n,g the geo-perceptive 
layer by experimental means, it was now possible to examine 
the anatomical characteristics of the layer by examining 
it under the miscroscope. I also wished to find out from 
microscopic examiiiatiori, the cause of certain differences 
noticed in the determinations of the perceptive layer in 
Bryophylltm and in NympJma. In the former the probe 
always encountered the maximally excited geo-perceptive 
layer from whichever point of the surface it entered the 
organ; this indicated that the sensitive layer in Bryophjl- 
\lwn was continuous round the axis. In NymphcBa^howm^t^ 
the probe occasionally missed the sensitive layer ; but a 
new poi.nt of entry led to successful localisation . of the 
perceptive layer'*, this was probably due to .the particular 
layer not being continuous' b'Ut interrupted by certain gaps, 

. , .MIOROSCOFIC EX AMIH ATIOH' OF , THE MAXIMALLY 

EXOITEB. LATER. ' 

' The ,. specimens were taken out after ' the electric 'tes4' and 
the tranpyerae, s.ecti'Ons made'" ai the. .radial l,ine, ."Of the 

46 ': 
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passage of thie probe. Thus in a particular experiment . with 
BriiophyUtim the point of maximum geotropic excitation 
was found to be at a distance of 0-8 mm. from the surface. 
By means of the micromoter slide in the stage and the 

micrometer eye-piece, the 
internal layer 0’8 mm, 
from the surface was 
examined ; the particular 
sensitive layer S was re- 
cognised as the continu- 
ous ‘starch sheath’ or 
endodermis containing 
unusually large sized 
starch grains (Fig. 176). 
' These often occurred in 

B 10. 17{). — Transverse section showing con- 
tinuous geo-perceptive layer B : enlarged view lOOSely COheiillg groups 
S' of cell of endodermis containing group of Of 8 tO 10 particles, and 
large starch grains, their appearance is very 

different from the small 
sized irreguiarly distributed grains in other cells. 

Examination of the microscopic section of the flower 
stalk of Nymphcea showed that the ‘ starch sheath ’ was not 
continuous but occurred in crescents above the vascular 
bundles which are separated from each other. The occasional 
failure of electric detection of the perceptive layer is thus 
vine to the probe missing one of the crescents, which with 
intervening gaps, are arranged in a circle. 

I give below a number of experimental determinations 
of the geo-perceptive layer in different specimens together 
with the micrometric measurement of the distance of the 
‘starch sheath’ from the surface, the transverse section 
being made at the place where the probe entered the shoot. 
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Eight , .ciiiferent' determmations are- given,. , three .for. Bryo- 
phyUtmi and five for NympJma, 


TABLE XLII.— SHOWINO' THE .pOSlTlOJ^ OF THE GEO“PEBCEFTIYE .lAYEB ANH. 
OF ‘ STAKCH SHEATH ’ IN ■ DIFFEEBNT SPECIMENS. 


Specimen, 

Distance of geo-perceptive 
layer from surface. 

(Method of electric probe,) 

Distance of the starch : 
sheath from surface. ■ 

.(M ieroseopic measurement.) 

i 

BryophyUim : 

(1) 0*6 mm. 



0*6 mm. 


( 2 ) 0-8 i 

0-8 „ 

Nympfma : 

( 3 ) 0-8 „ 

0-8 „ 

. 1 


( 1 ) 0-6 „ 

(1*6, 


! ( 2 ) 0-8 „ 

0-8 „ 


( 3 ) 0-8 „ ; 

0'8 „ 


( 4 ) fO „ ... i 

1-0 „ 


(5) 1-4 „ ...1 

T4 „ 


Thus in all specimens examined, the experimentaliy 
determined geo^perceptive layer coincided with the ‘starch 
sheath.’ The theory of statoliths thus obtains strong 
support from an independent line of experimental inves- 
tigation. The statolithic theory has been adversely criti- 
cised because in simpler organs the geotropic action tafees 
place in the absence of statoliths. There is no doubt that 
the weight of the cell contents may in certain cases be 
■effective in geotropic stimulation; It may nevertheless be 
true that “at a higher level of adaptation, the geotroplcally 
sensitive members of the plant-body are furnished with 
■special geotropic sense-organs— a striking instance of auato- 
mico-physiological division of ■ labour.”* 

' ;,In , the instances of , BryophpUum and . Nymphmi ... given 
a.bove, the ; geo-perceptive, layer, localised' by means .of ■ the 

507 , 
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electric probe is definitely found to' be the' eiidoderniis con- 
taining large sized starch ■ grains. 

INFLUENCE OF SEASON ON OBO-ILECTRIC I^ESPONSE. 

I siiail now describe certain modifications in response, 
which result from the change of season and also from 
coiidition of high temperattire. Physiological reactions, 
generally speaking, are much affected by different seasons ; 
thus the seedlings of Seirpus Kysoor exhibit a very rapid 
rate of growth of 3 mm. per hour in August, but a 
month later the growth-rate declines to only 1 mm. per 
hour. I find similar depression of growth with the ad- 
vance of season in seedlings of Zea Mays, where a very 
rapid fall in growth takes, place in the course of a fort- 
night. The intensity of geotropic responses, both mechanical 
and electrical, of Tropceohim declines rapidly in the course 
of a month from February to March (p. 454). The fiowers 
of NympJma began to appear by the end of June when 
the flower stalks exhibited strong geo-electric response. But 
later in the season, by July and the beginning of August, 
the response underwent continuous decline, and by the end 
of August the response was nearly abolished. 

Much time had to be spent in perfecting the appara- 
tus, and it was not till the beginning of uiugust 
that the investigations could be properly started ; the res- 
ponsive indications were, however, marked and definite, 
though relatively feeble compared to those obtained at the 
beginning of the season. The decline of the geo-electric 
response was to a certain extent also due to the prevailing 
high temperature. 

Effect of high temperature . — I shall in the next chapter 
describe experiments which show that geotropic response 
is diminished under rise of temperature. The specimens 
employed for localisation of geo-perceptive layer exhibited, 
as stated before, a decline of geo-electric response with 
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the , advance , of the season, 'This ' may partly be 'due , to 
unfavourable .season^ and partly to high temperature. In 
the middle of ■ the season ■ the responses were extremely 
feeble on .warm days, , bnt on ■ cool mornings they beeaine, 
suddenly eiih,anced, to decline' once more l)y the middle 
of the day, I could sometimes succeed in enhaiicliig. 
the sensitiveness by placing the speciiiien in a cold- 
chamber, It thus appeared that certain internal change 
unfavourable for geo-perception takes place at high teiii- 
peratures, and that the sensitive condition ' could some- 
times be restored by artiticial cooling. But later in the 
season, the internal change, whatever it may be, had pro- 
ceeded too far, and artiticial cooling did not restore the 
sensitiveness of the specimen. ■ What are the physico- 
chemical concomitants which distinguish insensitive speci- 
mens, in which the electric indications ha<i declined almost 
to the vanishing point ? 

TEST OF INSENSITIVE SPECliMtB'NS. 

I shall now describe the various physico-chemical con- 
comitants which accompany the condition of relative 
insensibility. I have found three different tests; the electric, 
the geotropic, and the microscopic, by which the sensitive 
could be distinguished from the insensitive condition. The 
following tests were made- on insensitive specimens, 

Electric test: Experiment 187 -—By the .end of A'ngust 
the geo-electric indications given by the probe had, as 
stated ' , before, almost . disappeared, Tiie tonic condition 
of the 8peciine,n, jxrr, was -independently revealed by 

the . response to prick .. of , the probe- , in. , vigorous 
specimens,, is . by. an .:electric response , of- , gaivanometric 
negativity. the ..response .to prick .in. sub-tonic 

.specimens, is very -different. ' I-' .find, .that . when the. .physio- 
logical condition the tiss.ue .falls, below par ^ the sign of 
response undergoes' a reversal into one .of gaivanometric 
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:§osUivity, The same reTersai under conditiou of siib-toni- 
city ■ was also shown to take place in growth,, where under 
the stimulus of light a, positive acceleration took place, 
instead of normal retardation of growth (p, 221). In the 
present investigation, the insensitive specimens were found 
to give ahnormai positive electric response to the stimulus 
of prick made by the probe. The prick-effect in fact often 
gave me previous indication as to the suitability of the 
particular specimen for exhibition of geo«electric response. 

Test of geotfopic reaction : Experiment I took four 

different specimens of Bryop^hyllum and Nymphma^ and 
held them horizontal. These plant organs had, earlier in 
the season, exhibited very strong geotropic effect, the shoot 
carving up through 90^ in the coarse often hours or less* 
But these specimens obtained later in the season exhibited 
very feeble ' curvature, which hardly amounted to 10 
degrees, even after prolonged exposure to geo tropic action 
for 24 hours. 

Test of microscopic examination^ — I next made sections 
of Bryophyllum and Nymphwa and on examining 
them under the microscope discovered certain striking 
changes. A fortnight ago the group of large starch grains 
stained with iodine were the most striking feature of the 
starch sheath. But now these starch grains could not be 
found in any of the numerous specimens examined. The 
presence of the starch g#ins thus appears to be associated 
with the sensitiveness of the perceptive layer, 

BBACTIOK AT LOWER SIDE OF THE ORGAN. 

There remains now the important question of the 
physiological change induced on the lower side of the 
horizontally laid shoot. The physiological reaction of two 
sides of the organ must be different, since the upper 
side exhibits contraction and the lower side expan- 
sion, It may be urged that the effect of one of the 
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two siiles might , result „ from -the-,, passive . yielding to the 
deiinite ,, reaction induced on the opposite side., Investig^a- 
tion by the electric method enables ns, however^., to dis- 
criminate :the two ' reactio.ns from . each other, .since the 
electric response characteristic of the inxiuced , pliysiologicai 
change takes place in the organ, even under condition of 
restraint by which movement . is prevented. We shair there- 
fore investigate the geo-electrical reaction on the lower side 
of the secnrely held organ, and find out whether the 
induced electric change undergoes any variation in different 
layers from belo'w upwards. There are two different ways 
in which the electric explorations of the lower side of the 
organ may be carried out. In the first method, the probe 
is introduced from below, and saccessive readings for geo- 
electric response taken as the probe enters the organ l)y 
saccessive steps. It is understood that the true geotropic 
effect is found from difference of galvanometer readings 
in vertical and horizontal positions. In the second 
method, the probe is introduced from above, and successive 
readings for the response taken for different positions of 
the probe as it enters the organ from the upper side and 
comes out ultimately at the lower side. This I shall call 
the METHOD OF TRANSVERSE PSRPORATION. The intru- 
sion of the probe on the upper side gives, as we have seen, 
increasing negative deflection of the galvanometer which 
reaches a maximum at the perceptive layer* Passage of the 
probe to still greater depths give deflections which decline- 
to zero. But when the probe comes within the influence 
of the perceptive layer of the under side, the electric 
indication,', as we, shall presently find, undergoes a revemd. 

BMCTRIG EXPLORATION O.F. 'THE LOWER SIDE OP THE 

■ " OEOAN* , : 

I shall first describe the results obtained from the first 
method, the probe entering the organ from the lower side. 
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■ :^Mxp$riment :1S9,— The ■ investigation .was , . carried - "Out' 
with the stem of Bryophplhim^ and the, flower stalk of 
Nymphma. .The probe- was .made' to.. enter the organ through' 
(>4 mm. and the geo-eiectrie effect found, on rotation of the 
flower stalk of Nyniphwa from the vertical to the horizontah 
was a tleflection of divisions of the galvanometer. The 
change ' induced at the lower gide by geotropic stimulus is thus 
gah)€inometric posUivity^ indicative of enhancement of turgor^ 
and of expansion, Intrasioii of the probe through 0’6 min. 
gave rise to an increased positive geo-electric response. 
That the sign of electric response depended on the relation 
of the side of the orgao to the vertical lines of gravity 
was demonstrated by alternate rotation of the plant through 
+ 90^^ and -90°, the probe remaining at a definite position. 
Rotation through +90 brought A above, and rotation 
through - 90 ^ brought A below. : When the probe was in 
the up position the geo-electric response was negative, but 
when rotation through -90' brought it Inlow, the response 
became positive. Thus with an identical contact in the 
plant, the electric response underwent reversal from 
negative to positive. This will be understood from the 
following table. 


Position of the probe 
inside the organ. 

■ ■ 

Galvanometer deflec- 
tion : A above. 

(biivanometer dellectiou : 

A beloir. 

0*4 nun. 

0*6 nun. 

1 

~ 8 divisions. 

- 16 „ 

1 + 5 diviKi'oiis. 1 

1 +10 ' i 

1 ' 1 


It will thus be seen that physiological change induced 
at any point is modified by its relation to vertical lines of 
gravity. When the point is above, the induced change 
is negative, when below, the induced change is positive. 

I shall next describe the variation of effect at differ- 
ent layers of the under side of the organ. 
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Experinieni IM.—A complete set- of readings of, .the 
geo-electTic reactioii at different layers of the ' organ . was 
taken,; as the probe entered . the lower side , by siiec€?ssive 
steps of 0*2 mm. 'The -following table gives the. results 
obtained with -a specimen ot Nymphcm, 


TAB.LE XLlll. — ELECTRIC EXPLORAT.ION OF DIFFERENT LAYERS, ON T!iE 
LOWER SIDE OF THE ORNAN {Numplfm). 


Position of the 

Galvanometer 


Position of the 

Galvanometer 

probe. 

detlecjtioii. 


probe. 

d<*lkrt ion. 

Surface 

2 divisions. 1 

1*0 mm. 

32 divisions. 

(}’2 mill. ... 

■4 


1*2 „ 

'HP ■ „ 

0-4 „ : 



'P4 „ 

n ' ■„ 

0-(5 „ 

16 „ 


ro ,, 

4 

0 8 „ 

20 „ 


1'8 „ 

0 ' : 


It is thus seen that just as in the upper so also in 
the lower side, the electric variation undergoes at first an 
increase which attains a maximum ; beyond this point the 
electric change undergoes a rapid decline. The induced 
electric change on the upper and lower sides are, ho%vever, 
different, galvanometric negaMvUy in one case and jwi- 
Mvity m the .other. ,' 

The , niaximum' ga.lvanometnc mgativUy of the upper 
side was found to occur at "the geo-perceptive layer. We 
'..may: next inquire ' about ■ the' anatomical characteristic .of 
..the Mayer in the , .lower side;- of , the. organ which exhibits 
.dhe ' .maximum-' galvanometric' positwitg. Microscopic section 
of the . specimen '.employed , in ..the above experiment showed 
the particular.. Mayer to. be the "Starch, crescent which lies 
above the vascular bundle. Thus the same geotropic layer 
which when placed above shows' the 'maximum galvanometric 
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negativity, exliibitB^ ruaximuiii ■positivity, when placed bBiow*; 

MBTHOl) OF TBANSVERSB PERFORATION.^ 

Experiment 19L — I next carried out a complete explora- 
tion of the interior of the organ along the diameter. The 
probe started from the upper surface, and came out at 
the lower by successive steps of 0*2 mm., the correspond- 
ing geo-electric effects being observed at each step. It has 
to be borne in mind that the successive readings were 
obtained by rotation from vertical to +90^ (A above); 
the rotation was never carried out in the negative direc- 
tion through ~90®. But the probe entering from above 
passed the central axis, and entered a region where the 
galvanometric indication was transformed from negative to 
positive. The following table gives the results obtained 
with the flower stalk ot Nymphcea, 


TABIE XLIV.-— showing the 1NDUCE5D GEO-EBECTRIC DISTRIBUTION ACROSS 
THE FLOWER STALK OF iV^/wjo/iCPa (diameter = 6 *8 min.) 


Position of 
probe. 

Galvanometer 

deflection. 

Surface 

-- lOdiviJons. 

0’2 mm. ... 

- 26 - „ 

0-4 „ ... 

- 40 

0-6 

- 60 „ 

0-8 „ ... 

- 62 

TO „ ... 

- 72 „ 

T2 „ ... 

-88 „ > 

T4 ,, T... 

-108 „ 

T6 ... 

-72 

: :. T8 

- 44 „ 

2-0 „ ... 

- 30 „ 

2-2 „ ... 

- 18 „ 

2-4 „ ... 

- 10 „ 

2-6 

“ -f! 

2-8 „ ... 

- 2 „ 

3-0 ... 

0 „ . 

3-2 i, ... 

0 

3-4 „ ... 

0 ■ 


Position of 
probe. j 

Galvanometer 

deflection. 

3*6 

mm. 


0 divisions. 

3-8 

51 


0 

. ■ ■ ■, 

4*0 

55 


0 

11 . 

4*2 

55' 


2 

*1 ■ 

4-4 



+ 4 

5 * 

4-6 

' . 


+ 5 

15 ' 

4*8 

55 


+ 11 

'1 '■ 

5-0 

51 


+ 22 

11 

. 5*2 



+'38 


. ■ , . 5*4 

5 1' . 


+ 46 

: ,11 

5>6 

15 


+ 39 

■ ■ : 1» ■ . 

5*8 

5 .: 


+ 32 

'15 

6-0 

■ 15 ' 


+ 24 

15 

6*2 

55 


+18 

... . 55 ':.' 

6*4 

5 5 


+12 

15 

6*6 

5 t 


+ 6 

55 

6*8 

11 


+ 3 

•5 
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A curve' eoiistriiGteil from .the data 'given alx.)ve is seeif 
in „ figure 177. .The diameter of '.the, iiower .stalk was 
6,‘8 ,mm. The negative ■ geo -electric reaction is seen to 
tindergo an increase till it attains a climax at the deptli 
of 1*4 mm. It then undergoes a continuoos dimiiiutiaii, 
till it becomes zero at the depth of 3 mm.; this neiiiral 
zone extends through 1 mm. When the probe enters a 
depth of 4*2 mm. measured from the upper side, it enters 
a region affected by the perceptive layer situated on the 
under side, the opposite physiological reaction being indicat- 
ed by induced electric change of galvanometric positivity. 



Fig, 177. ' , Fig.178, 

Fig. 177.— Curve of geo-electric excitation in dilTerent layern of Npmphtpa, Ordi- 
nate represents geo-electric excitation ; abscissa, distance from >^nrface of dower 

stalk. The diagrammatic section underneath shows the position of geo-percept ivo 
layer (starch -sheath) corresponding to maximum induced galvanometric negativity 
and positivity on the two aides. 

Fig.178.— The curve of geo-electric excitation in different, layers of Bnfophijlinm., 

This positivity reaches a climax at a depth of 5*4 mm. 
measured from the upper side, and 1*4 mm. when measured 
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from the lower side. The points of maximiim positivity 
and negativity . are situated ■symmetrically on . the opposite 
sides of the , organ.' The electric variation of maximum 
positivity on the lower side is comparatively feeble, less 
than half the corresponding maximum negativity on the 
upper side. Microscopic section showed that the geo- 
perceptive layers were the same as the starch-crescents. 

Experiment 192 . — I carried out similar experiments wdth 
the shoot Qt By^yophylhim. The results are given in 
Table XLV ; the curve of the electric distribution along the 
diameter is seen in figure 178. The characteristics of this 
curve are the same as that of Nymphma. The maximum 
gaivanometric negativity occurred at the depth of 0*6 mm., 
and of positivity at* a corresponding point on the opposite 
side, 


TABLE XLV, -SHOWING INDUCED GEO-BLECTRIC DISTIUBUTION ACROSS THE 

STEiv; ov Bryopkylkm (diameter = 3 '6 mm.). 


Position of 
probe. 

Gulvaiioiiietric 

dellection. 


Position of 
probe. 

Gaivanometric 

dellection. 

Surface 

. y .'■, •■■■■ '■ . , 

0 divisions. 


2*0 inm. 

0 divisions. 

0*2 11 . m. 

24 ; :,■:■ 


2-2 „ ... 

'■ ■ O' 

0-4 „ ... 

- 45 ■ ^ 


■ ■ 2-4 : ,, ... 


0-6 „ ... 

- 63 : 


: 2'6 „ ...j 

+ 4 ,, 

0-8 

! - 21 : „;■. 


2-8 „ ... 

+ ' O' ' ': 

1-0 „ ... 

- 9 „ 


3-0 „ ... 

'+m 

1-2 „ ... 

- 8 n . 


3-2 „ ... 

'+21 

1-4 „ ... 

- 3 „ 


3-4 „ ... 

■.,■„■■■: V,, 

: ■1-6: ... 

') „ 


3-6 „ 


1-8 

. 1 

0 „ 

! 


i ; ' ' ' ' ' 

1' , , 


Microscopic examination showed that the electric maxima 
in Bryophyihim coincided with the diametrically opposite 
points in the continuous endodermic ring. In Bryophyihim 
as in Nymphma^ the excitatory gaivanometric negativity 
the upper geo-perceptive layer is greater than the induced 
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positivity of the lower layer m the rafciO' ' of . about 
2 : 1. : But , ill a depressed condition of the tissue, the 
excitatory reaction is the first. to disappear and the positive 
reaction persists, thongh with diminished, ' intensity. , 

. The geo-elect, rie distribution in. vigorous specimens seems 
to , indicate that under the stimulus, of gravity a marked 
excitatory reaction (contraction) takes place in the layer 
of cells contiguous to the upper geo-perceptive layers and 
a less marked, positive reaction (expansion'^ occurs in layers 
contiguous to the lower perceptive layer. 

It is remarkable that physiological reaction of opposite 
kinds should occur on the upper and lower sides of an 
organ under the identical stimulus of gravity. The 
difference of reaction may conceivably be connected with 
the fact that the vertical lines of gravity enter by the 
upper, and leave by the lower side of the organ. The 
statolithic particles rest on the inner tangential wails of 
the perceptive cells of the upper layer, and on the outer 
tangential wails of the lower layer. Similar diiference of 
physiological reactions of a polar character are also known 
in responses of plants under the action of an identical 
electric current; here with different ionic distributions, 
contraction takes place at the kathode, and expansion at 
the anode. 

. The geo-electric reactions that have been tlescri bed were 
obtained under unfavourable conditions of climate and of 
temperature. But under . better , conditlonB the reaction 
„ becomes, very greatly enhanced, as would appear from 
the following, account of results which 1 obtained 
on two separate occasions .in the beginning of August. 
The season had not become quite as onfavoorabie as 
towards the end " of., the \ month,, but the „ prevailing ' sultry 
weather had d^ause.d gre^at ' depression of .the,,' geo-electric 
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excitability. . Oii tbe first occasion ■ referrecb to, tluiiiderstorm 
Imd broken out at night, - and ■ it was refreshingly cool 
in the morning. It was with the utmost surprise that I 
noted the astonishing violence of the geo-electric response 
Ayhich' the - plants gave that •morning ; the maximum res- 
ponse hitherto obtained was about 100 divisions of the 
gaivanomter scale ; but on the present occasion the displace- 
ment of the plant, from vertical to horizontal position, 
indnced responsive deflection so great that the galvanometer 
spot of light flew off the scale of 3,000 divisions. I was 
at first incredulous of the results and wasted the valnable 
occasion in trying to discover some hidden source of error. 
Subsequent tests showed that my misgivings were groundless, 
and that the extraordinary large deflection was really due 
to geo-electric reaction. On the second favourable occasion, 
which lasted for three hours (during the cool hours of 
the morning), I was able to secure a number of important 
observations. Thus displacement of the flower stalk of 
Nym])]icea through -1-90^ was immediately followed by 
geo-electric response, the deflection being about 3,000 
divisions of the scale. The latent period hardly exceeded 
a second ; the return of the plant to the vertical position was 
quickly followed by electric recovery which was complete. 
The above results were obtained with the same specimen 
time after time without a single failure. The successive 
responses showed no sign of fatigue. Another remarkable 
effect was noticed during gradual increase of the angle of 
inclination. Nothing happened till a critical angle was 
reached, which was roughly estimated to be about 33*^; 
when this critical angle was exceeded by a single degree^ 
there was a sudden predipitation of geo-electric response. 
The experiments were repeated time after time with the 
identical result. It appeared as if some frictional resis- 
tance obstructed the displacement of the geotropic particles 
accumuiated at the basal end of the cell, and it was not 
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■till, the organ had been tilted beyond that this resis:'* 
tance. to, sliding was' overcome. 

BUM'MARY. 

The electric distribution induced in an organ uiiiler 
the stimulus, of gravity may be mapped o at by means, of 
an exploring Electric Probe. 

The induced gaivanometric negativity of the upper side 
of an organ (indicative of excitation) undergoes varia- 
tion in different layers of the organ. The excitatory 
reaction attains a maximum value at a dehnite layer, 
beyond which there is a decline. 

The geo-perceptive layer is experimentally localised by 
measuring the depth of intrusion of the probe for 
maximum deflection of gaivanometric negativity. 

The geo-perceptive layer thus determined is found to 
be the starch sheath which contains a number of 
large-sized starch grains. 

The power of geo-perception undergoes seasonal varia^ 
tion. It is also lowered by high temperature. 

The geo-€dectric response undergoes decline with grow- 
ing sub-tonicity of the specimen ; such specimeiia exhibit 
abnormal' positive electric .response under the stimuhis of 
prick and feeble curvature under geotropic stimulus. The 
large-sized starch-grains, , normally observed in the " encio- 
dennis, are found to, disappear In sped me'iis .which have 
become geo-electrieally insensitive. 

The electric response of the lower si<le of the organ 
to gravitational stimulus is of opposite sign to that of 
the upper side. The aieetric distribution on the lower 
side ■■ exhibits variations' ' in different layers, the maxim, um 
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■positivity oGcurring at the ^ perceptive iayer. In vigorous 
spe'Cimeiis the excitatoi'y negative electric change : on the 
upper side is greater than the positive electric change on 
the lower side. Depressed' condition of the tissue is attend- 
ed hy a relatively greater' decline of the negative dn 
comparison' with the positive.; 

The induced electric variation on the upper and on 
the lower side indicates that the layers of tissue contiguous 
to the upper perceptive layer undergoes contraction, while 
those contiguous to the lower perceptive layer undergoes 
■expansion. ■ ^ 


XLIV,-~-ON GEOTEiOPIC TORSION 
By ^ 

Sir J, WlSmn, 

Assisted hy 

Gurupeasaisna Das. ■ 

I HAVE explained that in a dorsi ventral organ, lateral 
application of various stimuli induces a responsive torsion 
by which the less excitable side is made to face the sti- 
mulus (p. I shall in this chapter show that the 

effect of stimulus of gravity is in every respect similar to 
other forms of stimulation. 

The direction of force of gravity is fixed, and we have 
to arrange matters in such a way that the gaolropio stl- 



179.~Diagram of arrangement for torsional response under geotropie 
stimulus. The less excitable upper 'half of pulvinus is, in the above figure, to 
the left and the torsional response is clockwise 

mulus should act on the ■■dorsiventrai organ, in a lateral 
direction. In the following .■experiments the pulviniis of 
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MimoBB ' is' taken ' as the typical dors! ventral ' organ. For 
lateral stiiniilatioii^ ■" the plani. is placed : on its ,' side, 
so' that the vertical lines ■ of gravity' impinge on one 
of the two flanks of the organ. In regard to this, ■ ! 
shall distinguish two difi'erent positions, a and 5. In the 
a-imitim, apex of the stem and the upper half of the 
pnlvinns are to the left of the observer, and in h-posi- 
iion^ the apex of the stem and the less excitable upper 
half of the pulvinus are to the right. The arrangement 
for obtaining record of the torsional response under 
a-posUion is shown in figure 179. 

Torsmial re$ponse in a- and h-positions : Experiment 
IDS . — When the leaf is in a-position, the geotropic tor^ 
Sion is found to be with the movement of the hands 
a clock. In the b-posUion^ on the other hand, the tor- * 
aion is against the hands of a clock. In both these cases 
the geotropic torsion makes the less excitable upper half of 
the piUvimis face the vertical lines of gravity. The in- 
cident stimulus is vertical, and it is the upper flank, con- 
sisting of the upper and lower halves of the pulvinus (on 
which the vertical lines of gravity impinge) that under- 
goes eflective stimulation. 

Algebraical summation of geotropic and phototropic effects : 
Experiment 194, — We are, however, able to adduce further 
tests in confirmation of the above. If the direction of the 
incident geotropic stimulus is vertical, and should it 
act more effectively on the upper flank, it follows that 
stimulus of light acting from above would enhance the 
previous torsional response due to geotropism. In the above 
case, the lines of gravity and the rays of light coincide. The 
effect of rays of light acting from below should, on the 
other hand, oppose the geotropic torsion. The additive 
effect of stimulus of light and gravity is seen illustrated 
in figure 180. The first part of the curve is' the record of 
pure geotropic torsional movement. Light from above is 
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applied , at ,L ; the rate of movement, is seen /to beeome 
greatly . enhanced. Light Is next cut off, ■ and the .en- 
hanced' .rate Indneed by it is also found to cllsappear, ' the 
response-curve being now due solely to geotropIc action* 
The: effect of ■ geotropism in opposition to phototropism 
wiir be found in : the following experiments, where the 
opposing action of light of different intensities is seen to 
give rise to a ^ partial, to an exact, or to an over-balance, 

BAIiAKOE OF OEOTBOFIC BY PHOTOTROPIC ACTXOH, 

Photo-geotropic hakime : Experiment 195. —I shall here 
describe in detail the procedure for obtaining an exact 
balance. A parallel beam of light from a small arc lamp Is 



,Fl«. 180;^;. t,. , ■ fm, 181. 

Fig, 180.— Additive effect of fitimulus of gravity G, and of light L. Ap- 
plication of light at— L increases torsional response. Removal of light restores 
original geotropic torsion. 

Fig. 181.— Algebraical summation of geotropic and phototropic actions Light 
applied below at— L, opposes geotropic action. Cessation < f light restores geo- 
tropic torsion. Cessation of light is indicated by L within a circle. 

reflected by means of an inclined mirror, so as to act on the 
pulvinus below. An iris 'diaphragm regulates the intensity 

37 a 
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of mcideDt light . The first part of the curve is the record 
of geotropic torsional movement Light of a given inten- 
sity was applied below at a point marked-L (Fig. 181) ; 
this is seen to produce an over-balance, the phototropic 
effect being slightly in excess. The intensity of incident 
light was continuously diminished by regulation of the dia- 
phragm till an exact balance was obtained as seen in the 
horizontal part of the record. It is with great surprise 
that one comes to realise the fact that the effect of one 
form of stimulus can be so exactly balanced by that of 
another, so entirely different, and that the stimulus of 
gravity could be measured, as it were, in candle powers of 
light ! After securing the balance, light was cat off, 
and the geotropio torsion became renewed on the cessation 
of the counteracting phototropic action. 



Gornparative Mlancing effects of ivMte and red lights : 
Experiment 196. — White light was at first applied at -L in 
opposition to geotropic movement. The intensity of light 
was stronger than what was necessary for exact balance, 
and its effect was at first to retard and then reverse 
the torsional response due to geotropism. When thus over- 
balanced, red glass was 
interposed on the path 
of light at R. As the 
phototropic effect of 

; M is feeble 

or absent, the geo- 
tropic torsion beoanie 
predominant as seen In 
Fig. 182.— Application of white light at— L in the subsequent Up- 

opposition causes reversal of torsion. Bed curve. The red crlass 

light R, is ineffective, and geotropic torsion is , ^ , 

restored. Reapplioation of white light causes removed snb- 

once more the reversal of torsion. Stitutillg white light at 

-L to act once more in opposition ; the result is seen in 
the final over -balance, and roversai of torsion (Fig. 182). 
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Effect of coal f/an on the ' balance ; E.cperinieut 197.— 
Th.e iiiethLod of balance described above opens out new 
possibilities in regard , to investigations on the relative niodi- 
fications of geotropic and phototropic excitabilities. by a 
given external change. Traces of . coal gas ’are known to 
enhance the phototropic ■ excitability of ^an .organ while 
continued absence of oxygen is found" to depress it* The 
experiment I am going -to describe shows: (1) the .eiihaiiee- 
ment of phototropic excitability on the introduction of coal 
gas, and (2) the depressing effect of excess of coal gas and of 
the absence of oxygen. After obtaining the normal curve 
of geotropic torsion, light was applied below at-L, and 
exact balance was obtained in the course of two miiiuteB as 
seen in the top of the curve becoming horizontal. Coal 
' ■ gas was now introduced 



Fio. 188.— Effect of coal gas on plioto^ 
geotropic balance. Geotropic torsion, G, is 
exactly balanced by opposing action of light 
-L. Application of coal gas at C, at hrst 
caused enhancement of phototropic action 
with resulting reversal. Prolonged applica- 
tion induced depression of phototropic re- 
action, geotropic action thus booming 
predominant. 


in the plant-chain lier at 
O. This induced an en- 
hancement of phototropi «3 
effect with resulting 
ove.r-balauce' .seen, in .the 
reversai of torsion. ,, This 
enhancement persisted for 
more than three minutes. 
By this time the plant- 
chamber was completely 
filled with coal gas, and 
the resulting ilepression of 
phototropics action is seen 
in the second upset of 
the balance, this tiin,e in 
favour of geotropic tor- 
'■skm;(Mg,..183). It would 


seem that the cells whichvrespond^ . to,- light , are situated 


nearer the surface of the organ than those which react to 
geotropic stimulus. Hence an agent ■which acts on the organ 
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tfom outside, liidiices phototropic change earlier .than 
YariatioE in geotropism. 

SiUMMARY. 

Under lateral action of geotropic stimnlus, a dorslTen- 
trar organ undergoes torsional response by which the less 
excitable half of the organ is made to face the stimnlns. 

The direction of incident geotropic stimulus is the same 
as the direction of vertical lines of gravity. Under geo- 
tropic. stimulus it is the upper side of the organ that 
undergoes effective stimulation. 

The effects of gravity and of light become algebrai- 
cally summated under their simultaneous action. Light may 
be made to act in opposition to the stimulus of gravity. 
By suitable adjustment of the intensity of light, the two 
torsions become exactly balanced. 

This state of balance is upset by any slight variation in 
one of the opposing stimuli. 

The relative modification of geotropic and phototropic 
excitabilities by an external agent, is determined by the 
resultiDg upset of the photo-geotropic balance. 


XLY,— ON THEEMO-GKOTROPISM 

% 

SiE J/C. Bose. 

I SHALL in chapter investigate the effect of variL** 
tioii of tempercHtare on geotropic response. We have to 
bear in mind in this connection, that for the exhibition of 
geotropic curvatnre two conditions are necessary : (1) the 

presence of a perceptive organ to undergo excitation a nder 
the siimuliis of gravity, and (2) the motility of the 
organ. A motile organ, incliidihg both the pulvinated and 
growing, will exhibit no geotropic effect on account of the 
depression of the power of perception through seasonal or 
other changes, or in the entire absence of the perceptive 
organ The organ may, on the other hand, possess the 
geo-perceptive apparatus, but no visible movement can take 
place in the absence of motility of the tissue. 

As regards the modifying influence of tempt^rature on 
geotropic curvature, the effect will depend on two factors: 

(1) the Influence of variation of temperature on geo- 

pex'ception by the sensitive layer, and 

(2) the ' modifying effect.- of temperature - variation on 

the motile reaction. 

' ; 1 have in Chapter .XLIII .adduced ■ facts which appear to: 
show., that, the power of ■ geo-perception declines at .high 
temperatures. A-S' regards, motile’ reaction, we have seen 
that in Mimma it increases ' from ' a mini mum to an 
optimum temperature beyond '' which Is > depression 

(p. 55), As the optimum,’ temperature for geo-perception 
is not necessarily the- same as that for responsive curva- 
ture, -the result is likely .to- .be, .very complex. 
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■ :::The ■ case becomes simpler after tlie attainment of 
maximum ciirvatiire. Enhanced temperature has a teii' 
deucy to diminish the tropic curvature, as we found in 
the arrest and reversal of phototropic curvature under the 
applicatioB of warmth (p. 395) ; it appears as if rise 
of temperature induced a relatively greater expansion of 
the contracted side of the organ. 

I shall now describe the effect of rising temperature on 
geotropic curvature in general, including torsion. A horizon- 
tally laid shoot curves upwards under geotropic action ; 
a dorsiventral organ, owing to the differential excitabi- 
iities of its upper and lower sides, places itself in the 
so-called dia-geotropic position, A dorsiventral organ, more- 
over, exhibits a torsional movement under lateral stimulus 
of gravity. 

In the geotropic movements we are able, as stated before, 
to distinguish three different phases (cf. Pig. 161). In the 
first, the movement initiated iiudergoes an increase ; in the 
second, the rate of movement becomes more or less uni- 
form; and in the last phase, a balance takes place 
between the tropic reaction, and the increasing resistance 
of the curved or twisted organ to further distortion. 

The question now arises whether this' position of 
geotropic equilibrium is permanent, or whether it undergoes 
modification in a definite way by variation of temperature. 
1 shall proceed to show that the position of equilibrium 
undergoes a change in one direction by a rise, and in the 
opposite direction by a fall of temperature. I shall use 
the term thernio-gentropmn as a convenient phrase to 
indicate the effect of temperature in modification of 
geotropic curvature and torsion. 

I shall first deal with 1 the effect of variation of tem- 
perature on geotropic torsion. Under the continued action 
of stimulus of gravity the torsion increases till it reaches 
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a limit •, for ■ the : twisted ■ .organ. . resists further distortion 
and. a balance, is struck when- the , twisting and untwist- 
ing ..forces. are equal - and' opposite. In this state' of 
equilibrium .the effect of an external . agent, say of varia- 
tion of temperature, will hring about an u[)set of the 
balance. The torsion' will be increased if the external agent 
induces an enhancement of ' georropic action; it will, 
on the other hand, be decreased when it induces ii 
diminished r^^action. 




A physical analogy will mak<‘ this point clear ; imagine 

a small inagnetic nc^edle 
suspend.ed: ' by. ' 'a .thin 
w ire; 1 1',! e ear th ’s t..lirec! i ve 
force is , sujjposed to ' be 
■ ■ aiinulleii l.:>y . the ' well 

.knoxvn dexice of a ' com- 
,■ . ■pensatir.ig inagncat. A 
'second and larger magnet 
M is now placed at right 
angles to . the', suspended 
needle ; N will ■ repel n 
:and,,- attract , and... a . 
defi.ecfion ' will.’ be pro- 
■ ■ 'ducedjd:, the defiecting''' 

. fo,rce’,of, the , magnet ^ ..M ,. 
■ ■■■:'■ 'being - '■ balanced : 'by- .tbe,.,,. 
force of torsion of siis- 
Fio. lS4.-“'Hagnet M. ofnises detotioa oC the pending Wire (Fig. .184). 
needle « .<?, suBpended by a thin wire. Increase 
of magnetisation of M increapefi defection,, while 
decrease of magnet?pation diminishes the 
deflection. 



The state of equilibrium'- will however be disturbed by 
variation of the magnetic force of M. It is knowii that 
a rise of temperature ■ diminishes magnetisation wMle 
lowering of temperature increases it. Hence the deflecting 
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force , of : thf^, ■ m ba ■diminished "ander rise of 

temperature: with concomitant., diminution of defleotion of 
the :Be3dle and the torsion of the wire. Fall of tempera- 
ture, on the other hand, will cause an increase of deflec- 
tion and of torsioiu The physical illustration gi¥en above 
will help us to understand how the physiological effect 
of variation of temperature may bring about changes in 
geotropic curvature and torsion. 

TROPIC EQlTIIilBRIUM UNDER VABYINO INTENSITIES OF 
STIMULUS, 

The following experiment will show that the position 
of ’^tropic equilibrium is not fixed but subject to variation 
under changes of effective stimulation. 

Experiment -I have explained how a maximum 

tropic curvature is induced under continued action of light. 
Employing the pulvinus of Erythrina indica I applied 
light on the upper half of the pulvinus : (1) of medium 




1 


1 



(P 


Fig. 185. — Effect of variation of intensity of light on phototropic equilibrium. 
Increase of intensity of light from L to proctuces an increased positive cur- 
vature and a new state of balance. Diminished intensity of light I brings about 
a new balance at a lower level. The cessation of light {I within a circle) 
restores the normal position of . the organ. 

intensity L, (2) of strong intensity L\ and (3) of feeble 
intensity L The source of light was an arc lamp ; he 
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InteBsity, of ilglit was varied by means of a fooussiiig leiiB... 
wMch gave a parallel, a convergent or a di vergent beam, ; 
wit-b corresponding increase or diminntlon of intensity of 
ligtib Light waS' in each case continued till eqnilibriom 
was readied. Inspection ■ of figure 185 ■ shows that the 
position of eqnilibrinm depends on the intensity of stimu- 
lation ; the balance is ‘raised’ tinder increased and ‘lowered* 
under decreased intensity. 

In the ^ case of geotropism. 'the stimnlns is constant, 
but' , its tropic effect, ■ we shai!' ' presently see, undergoes 
variation with changing temperaiiire. 

EFFECT OF VABIATIOH OF TEHFEBATTJRl ON OEOTROFIC 

TOESION* 

Modification of geotropic torsion : Expefiment 199 » — The 
Mimosa plant w^as placed on its side, so that the ptil- 
viniis was Objected to lateral geotropfc action. In response 
to this it underwent torsion, the upper half of the piilvinus 
tending to place itself so as to face the vertical lin^s of 
gravity. This torsional response was recorded as an iip- 
movement ; on the attainment of equilibrium the record 
became horizontah The plant was now subjected to a 
cyclic variation of temperature, and the resulting variation 
of torsion recorded at the same time. The temperature of 
the plant chamber was gradually raised from the normal 
30 b to 34^ C. and then allowed to return to the normal ; 
finally the, temperature ..was - lowered to 26 C. Rise of 
' temperature was effected by' means- of an electrical heater 
placed inside the chamber with -a ■ vessel of water placed 
; above it,-; Care has to be taken: that the rise of temper- 
ature is ■' gradual, since a sudden ' variation often actS ' as a 
stimulus. The water ' in the .vessel not only keeps the 
chamber in a humid condition- hut also prevents sudden 
fluctuation of temperature. After the temperature had been 
raised to 34 0 ., the heating -current was stopped and the 
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door of the plant chamber gradually opened, so as to allow 
fche temperature to be restored to the normal. Cooled air 
\yas next introduoed into the chamber till the temperature 

fell to 26 Figure 186 
exhibits clearly the effect 
of variation of tempera- 
ture on geotropic torsion. 
The maximum torsion had 
been attained at 30 ‘^C. 
and the first part of the 
record is therefore hori- 
zontal. Warmth was ap- 
plied at H, and after a 
latent period of ten 
minutes, the geotropic 
torsion underwent a con- 
tinuous diminution till a 
new state of equilibrium 
was reached at 34^0. This 
took place shortly after 
the stoppage of the heat- 
ing current at (H). On return to normal temperature the 
torsional balance was restored to its original position of 
equilibrium. Application of cold at C, is seen to bring 
about a new state of balance with an increase of geotropic 
torsion. 

The position of geotropic equilibrium is thus seen to be 
modified l)y variation of temperature, the tropic effect 
being diminished with the rise, and enhanced with the fall 
of temperature. 

It may be thought that the phenomenon just described 
may not be different from ordinary thermonasty, exhi- 
bited by the perianth leaves of and Tulip in which 

a rise of temperature induces a movement of unfolding, 
and a fall of temperature brings about the opposite move- 


Fig. 186.-~Efi:ect of variation of tempera- 
ture on geotropic torsion. Application of 
warmth at H diminishes the geotropic tor- 
sion ; return to normal temperature (H) 
restores the original torsion ; cooling at C, 
increases the geotropic torsion. 
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Hient of ■ closure. In these cases the moveineiit. ,:is <leter- 
mmed . solely by the natural anisotropy of .the organ, ami 
not by. the paratonic action of a direciive external force* 
Thus the inner side of the- perianth leaves undergoes an 
expansion with rise of temperature attendeif by the open- 
ing of the flower; this movement of opening does not 
undergo any change on holding the flower in an • inverted 
position. 

But the torsional movement of the leaf of Mimm((>, ami 
the induced variation of torsion under change of tempera- 
ture are not solely determined by the natural anistropy of 
the organ ; it is, on the contrary, regulatetl by the direc- 
tive action of the stimulus of gravity. The pulvimis in 
normal position does not exhibit any geotropic torsion ami 
ill the absence of an antecedent torsion change of tempera- 
ture cannot induce any variation in it. It is only after 
the pulvinus had become torsioned under the lateral action 
of geotropic stimulus that a responsive variation is induced 
in it by the action of changing temperature. 

The change in torsion is, moreover, determined in 
reference to the paratonic action of inci<ient geo tropic 
stimulus. This will be clearly understood from the tabular 
statement given below. 


/TABLE XLVI. — SHOW'INO THE . EFFECT,- OE .RISE OF TEMFERATrEK ON 
GEOTEOPIC TORSION. 


position of tl'e organ. 

Geotropie effect. 

Effect nf rise of 
ten 1 per at nn*. 

Right flank above : 

(a) positiorc 

Left fiard< above : i 
(h) position. 

, 1 

Right-handed to ■sion. 

Left-handed torsion. 

Left -,h iniled , torsimi al 

movement (iiiilAvigfc). 
Right-handed UTBional 

movement (untwist). 


By right flank in the above table is meant the side of 
the pulvinus to the right of.; the .observer facing the leaf 
of the - plant held in the normal position. When the plant 
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isJaid , Oil its left side in the a-position, the right flank 
will be above ' an^ the responsive, torsion Tinder geotropic 
stim.alas becomes right handed or with the hands of a 
clock. (Cf* Fig. 179). When the plant is laid on its right; side, 
the left flank will be above and ' the geotropic torsion 
becomes left handed or against the hands of the clock. 

It will be seen from the above that in whatever way 
the experimental condition may be varied, the movement 
in response to variation of temperature is determined in 
relation to the antecedent geotropic torsion. The geotropic 
effect whether left-handed or right-handed torsion is always 
diminished by the rise of temperature, and enhanced by 
the fall of temperature. 

VARIATION OF APO-GEOTROPIO CURVATURE UNDER 
THERMAL CHANGE. 

I shall now proceed to show that variation of temper- 
ature not merely induces variation of geotropic torsion but 
also of geotropic curvature. I shall first demonstrate the 
effect of thermal change on geotropic curvature of the 
shoot, and then demonstrate its effect on dia-geotropic cur- 
vature of leaves. 

Experiment 200 , — A specimen of TropceoLum majtis 
grown in a small flower pot, is laid on its side. Under 
geotropic action the shoot becomes curved, the upper side 
becoming concave and the lower side convex. The end of 
the stem is attached to the recording apparatus ; when 
the plant is subjected to a rise of temperature, the move- 
ment induced shows that the geotropic effect has undergone 
a diminution, the curvature exhibiting a flattening; lowering 
of temperature, on the other hand, increases the geotropic 
curvature. Other instances of this will be found in a subse- 
quent chapter. The diurnal movement of the ‘ Praying 
Palm ’ is a striking example of the effect of variation of 
emperature in modification of geotropic curvature (p. 30). 
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Rise of teiiiperatore is thus showu to diiiiiiiisli geotropic 
torsion of dorsiventral organs, and the apo-geotropic 
enrvature of radial organs. We have next to study the 
effect of temperature variation on the dia-geotropic equili- 
brium of leaves, 

BB’PBCT OF VARIATIOK OF TEMPBBATIJRB OlN^ 
DIA-OBOTEOPIO EQUILIBKIUM, 

In the normal position of the plant, the leaf of 3Iimosa> 
assumes, under geotropic action, an equilibrium position 
which, is approximately horizontal. I shall proceed to show 
that this position of equilibrium also undergoes appropriate 
variation under changing temperature, the leaf iinder- 
goiiig a fall daring rise, and an erection during fall of 
temperature. 

I stated that the torsional response is one of the means 
of I’ecording geotropic effect and its variations. In the 
ordinary position of the plant, the geotropic variation will 
be indicated by the responsive up or down movement of 
the leaf in a vertical plane. Taking the leaf of Mimosa, 
we have thus the means of studying the effect of varia- 
tion of temperature by two independent means of inquiry, 
namely, by record of ordinary responsive movement in a 
vertical plane, and also by record of torsional response. 
The variation of temperature which induces these move- 
ments may be simultaheously recorded by means of a 
differential metallic thermometer. The Multiplex Recorder 
employed for this research consists of three recording 
levers. A photographic reproduction of the apparatus will be 
found in a subsequent chapter (see Fig, 190). The first lever 
is attached to the leaf ' of iLf-mosa placed in the normal 
position ; the , second lever records the torsional response 
of y Mimosa ' leaf, the plant being placed on its side ; the 
'third' lever to the' differential metallic thermo- 

meter gives a continuous record of variation of temperature. 
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; of variation of temperatwe : Experiment 20 1 * — 
amingemeBt was made for gradual variation of 


Fig. 187.— Simiilteneous record {a) of ysiriation of temperature, (6) of 
up or down movement of leaf of Mimcsd^ and (o) of variation of torsion. Kise 
of temperature is attended by fall of leaf and diminution of torsion, fall of 
temperature inducing tbe opposite effect. 


.tare in the plant chamber.; Two rectangular metallic 
each 50 X 30 x6 cm. . were tplaced on opposite sides 
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of the plant chamber, and warm water was made to circulate 
through them ; this device ensured a steady rise of tem-, 
perature. The flow of warm 'water was then stopped and 
the plant chamber was allowed to cool down ; the fall of 
temperature was at first moderately rapid, but later on the 
rate of cooling became extremely slow ; on account of 

this the temperature of the plant chamber, towards 
the end of the experiment remained higher than the 
normal temperature outside. The rate of rise and fall of 
temperature during the entire course is illustrated in the 
thermo-graphic (a) tracing (Fig. 187); the record (1^) exhibits 
the movement of the leaf in a vertical plane, rise of tem- 
perature being attended by a diminution of geotropic curva- 
ture resulting in the fali of the leaf, the fall of tempera- 
ture inducing the opposite effect. In record (c) is seen 

the responsive variation of geotropio torsion, rise of* 
temperature inducing a diminution and fall of tempe- 

rature causing an enhancement of torsion. The results 
obtained by diverse methods thus prove that the geotropic 
effect is diminished under rise, and increased under fall of 
temperature. 

SUMMAEY. 

The position of equilibrium under geotropic action is 
not fixed but undergoes change with variation of temper- 
ature. 

The geotropic curvature and torsion are increased by 
lowering of temperature, and decreased by rise of temper- 
ature. This is equally true of apo-geotropic and' 
dia-geotro pic curvatures, . 


3H 
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NIGHT AND DAY MOVEMENTS IN PLANTS. 




XLVL^DIURNAL MOVEMENTS IN PLANTS 

% 

SiE J. C. Bose. 

The subject has long been a perplexing one, and its 
literature is copious. After a good many years of experi- 
mental investigation, I have succeeded in analysing the 
main factors concerned in the many phenoruena which 
have been described as Nyetitropism. The results of the 
researches are given in a sequence of five papers, which 
may be read separately, yet will be seen as so many 
chapters of what has been a single though varied investiga- 
tion. 

The different chapters are : 

1. Daily movements in relation to Light and Dark- 

ness, 

2. Daily movements due to Variation of Tempera- 

ture affecting Growth, 

3. Daily movements due to Variation of Temperature 

affecting Geotropic Curvature. 

4. The Immediate and After-effect of Light. 

5. Diurnal Movement of the leaf of Mimosa due 

to combined effects of various factors, 

Nyctitropic movements are thus described by Jost^ : 

“Many plant organs, especially foliage and floral leaves 
take: up, ■ towards eveni^ other than those they 

occupy by day. Petals and perianth leaves, for example, 
bend outwards by day so- as to open the ■ flower, and inwards 
at night so as to close it ... Many foliage leaves also 
may be said To exhibit -opening and closing movements, not 


Jost -^Ibidy p. 500. 
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merely and close in tiie bad but also 

when arranged in pairs on an axis, they exhibit movemeiats 
towards and away from each other. In other cases, speak- 
ing generaiiy, we ' may employ the terms night position muI 
dag position toT the closed and open conditions respec- 
tively. The night position may also be described as the 
sleep po8itionJ\ After reviewing the various theories pro- 
posed, he proceeds to say “ that a completely satisfactory 
theory of nycti tropic pulvinus movements is not yet forth- 
coming. Such a theory can only be established after new 
and exhaustive experimental research.” 

The difficulties of the experimental reinvestigation here 
called for towards clearing up and explanation of the 
subject are sufficiently great ; they are further increased by 
the fact that these diurnal movements may be brought 
about by ditferent agencies independent of each other. 
Thus in Gmms and in Tulip, the movement of opening 
during rise of temperature has been shown by Pfeffer to be 
due to differential growth in the inner and outer halves 
of the perianth. I shall in this connection show that a 
precisely opposite movement of closing is induced in 
Nyinphwa under similar rise of temperature. I shall for 
convenience distinguish the differential growth under tem- 
perature variation as proper. Again certain 

leaflets open in iighl, and close in darkness in the so- 
called sleep position. Intense light, however, produces the 
‘midday sleep*— an effect which is apparently similar to 
that of darkness. The determimag factor of these move- 
ments is the variation of light. 

There are other instances of diurnal movement, far more 
numerous, which cannot be explained from considerations 
given above. It has therefore been suggested that the 
“Day and night positions may arise by the combined 
action of geotropism and heliotropism. Thus Vochting 
(1888) observed in the case of Malva verticillatta, that 
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the leaves, when illuminated from below, turned their 
lamiiiBB downwards during the day, but during the night 
becaine ■ erect geotropically. ' The sleep moven^ents in leaves' 
and flowers, referred to above, cannot however be explained 
by ■ , assiiining ■ such a combination of heliotropism and- 
geotropismd’* 

I commenced my investigation on nyctitropism five 
years ago, after having perfected an apparatus for continu- 
ous record of the movements of plants throughout day 
and night. A contrivance, described further on, has been 
devised for obtaining a record of diurnal variation of tem- 
perature. I have also succeeded recently, in perfecting a 
device for automatic record of variation of intensity of 
light. It has thus been possible not only to obtain a 
continuous record of the diurnal movement of the plant, 
but also obtain stimuitaneous record of those changes in 
the environment which might have an influence on the 
daily movement. I have in this way collected several 
hundred autographs of different planes throughout all 
seasons of the year. The records thus obtained were 

extremely diverse, and it was at first impossible to discover 
any fundamental reaction which would explain the pheno- 
menon. While in this perplexity my attention was 

directed two years ago to the extraordinary perform- 
ances of the ‘‘Praying Palm*’ of Fayidpore, in which the 
geotropic curvature of the tree uhderwent an accentua- 
tion during fall of temperature, a diminution cliirmg 
rise of temperature. 

The discovery of this new phenomenon led me to the 

inquiry whether Thermo-geotropic reaction, as I may call 

it, was exerted only on Palm trees, or^ whether it was a 

*For further information on the subject of NyctitropisHij ^.— 

Pfeffer*---/6«i, Vol. II (I903),p. ll2; 

Jost— pp;500,507 5 

Vines— Physiolog}" of Plants 11886), pp. 406, 548. 
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pkenomeEon of; umiYersal ■ occurrence, ■ I therefore, extended 
,my iii¥estigat!oii on ' various geotropicaily curved 'procumbent 
stems of Base Wa, and of Tropmolum majm. . Eem 

also I found that diurnal variation of temperature, induced 
a periodic ■ movement exactly ' simUar . to ..that ' in Palm-trees. 

I next wished to find whether the Thermo-geotropic 
reaction observed in stems was also exhibited by lateral 
organs such as leaves, which being spread out in a 
horizontal direction are subjected to the stimulus of gravity. 
I found that in a large number of typical cases, a perio- 
dic movement took place which was exactly similar to that 
given by rigid trees and trailing stems. A standard 
curve was thus obtained which was found to be charac- 
teristic not only of trees and herbs, but also of leaves. 
The stem and leo^Yes fell continuously with the rise of 
temperature, from the minimum at about 6 in the morning 
to the maximum at about 2 p.m. They erected themselves 
with falling temperature from 2 p.m. to 6 a.m. next 
morning. 

In the diurnal record oi Mi ?no8a I met, however, with 
an unaccountable deviation from the standard curve, for 
which I could not for a long time find an adequate explana- 
tion. Subsequent investigations showed that the deviation 
was due to the introduction of additional factors of varia- 
tion, namely of immediate and after-efifects of light. 

COMPXiBXMY OF THE PROBLEM. 

I have already referred to the great difficulty of ex- 
planation of nyctitropism from the fact that the diurnal 
movements may be brought about by different agencies 
independent of each other. It is, moreover, not easy to 
discriminate the effect of one agency from that of the 
other. 
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The' combined' of' different factors will .evidently 

be very numerous, - This will be understood from' considera- 
tion of ' -the miniber of possible combinations' with only 
two ■ variables, geotropism and phototropism. The effect of 
geotropism may be - strong (?, or feebie, g. Similarly we' 
may have strong' effect of light If, or ■ feeble effect of light 
' Light . may . exert positive phototropic ' action 4*1' or 
negative action ■- 1. Thus from two variables ' we obtain 
the following eight combinations : 

(?4l ; ; G + h G-^l; 

g + L; g-L; y + Z,- y-L 

• The number of possible variables are, however, far 
more numerous as will be seen from the following: 

Geotropism . — The effect of geotropic stimulus on hori- 
zontally placed organs is one of erection. But this stimu- 
lus, which is constant, cannot by itself give rise to 
periodic movements. It has ho'wever been shown that 
variation of temperature has a modifying influence on 
geotropic curvature (p. 519). 

Phototro]pi$m . — The action of unilateral light is to in- 
duce a tropic curvature, which in some cases is positive, 
in others negative (p. 386). In addition to these effects 
induced during the incidence of light, we have to take 
account of the after-effects on the cessation of light. 

After-effects of light.— 1 find two very different effects, 
depending on the intensity and duration of previous illu- 
mination. Of these the most important is the phenomenon 
of ‘ overshooting’ which occurs on the cessation of light 
of long duration.. ' This' particular reaction, to be , fully 
described, will be found to offer an explanation of certain 
anomalous effects in diurnal movement. 

Periodic variation of Zwyor.~I have shown ( p. 39) 
that artificial' 'enhancement of', turgor in the plant induces 
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. an : erectile m.O¥einent', of the' leaf of diminution 

of turgor indiicing' the opposite movement ' of ''fall.' . Era ns 
and, . Millardet ' have . shown that ■ a diurnal variation of 
tennon " takes place in the shoot of all ■ plants, .which is 
presumably indicative of variation of turgor. This varia- 
tion of turgor in the shoot must have soma effect on the 
lateral leaves. But the leaves are subjected to conditions 
which are absent in the stem. The erect stem is, for 
example, free from geotropie action, whereas the lateral 
leaf is subject to it. The effect of turgor variation in the 
shoot on the movement of leaves may be, and often is, 
overpowered by the predominant geotropic action. I shall, 
later on, refer to this question in greater detail. 

Autonomous movernmts : Experiment 202 ,— lateral 
organ, say the leaf or leaflet, may have an autonomous 
movement of its own. In some, the autonomous move- 
ment may be relatively quick ; the complete pulsation in 



Fx&. 188.— Arrest of pulsatory movement of. leaflet of Desmadium g^rnm })y 
light from above and gradual restoration Ou cessation of light. Up-movement 
represented by up-curve. 


Desmodium gyirms may be as short as a minute or so. I 
And that this autonomous movement becomes modified or 
even arrested by the paratenic effect of light. This is 
seen in figure 188, where light applied from above is 
seen to arrest the pulsation ; the normal activity is, how- 
ever, restored on the stoppage of light. 
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Epinasty and' Hyponasty : Experhneni 2Q3 There are 
other : :aiitonoiB, oils movements which are relatively slow. 
Even in an erect stem there may be a to and fro oscillation. 
In such a case the effect of an external stimulus, say of 
light, is' one of algebraical summation. The following Is 
the summary of results of unilateral action of light on 
the nutating hypocotyl of a pea seedling: 


Natural movement. 

Effect of light applied on the right side. 

Movement to the right 
Movement to the left 

Acceleration of existing movement. I 

Retardation, arrest or reversal of natural 
movement. 


Figure 189 exhibits the effect of light applied alternately 
above or below the cotyledon of Oumrbita Pepo, On 


■--t 


Fm. 180 .— Effect of unilateral light on by ponas tic movement of the cotyleUoii 
of Pejpo. Application- of light indicated by arrows; light acting from below 
retards, acting from above accelerates the movement. The last part of the 
cigve in each shows recovery on the stoppage of light. 

account of the more rapid growth of the lower side^ the 
cotyledon was exhibiting a hyponastic iip-movement 
Application of light from above enhanced the existing rate 
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of inovemeiit^ whereas light' actiug from below retarded the 
.movement/' H we- have instances of ■ photo-hyponastic 
modification : of ' natural ' movement. Similarly epinastic 
organs. ' wilh nor speaking, have their natural down 

movement, retarded by light-, from, above,' and accelerated 
by light from below. If the periodicity of the autonomous 
movements coincides with the periodicity of the external 
stimulus, the resulting movement will be determined by 
algebraical summation ; it will be very pronounced w’hen 
the two effects are concordant. If the two periodicities do 
not agree, the interference effects will become extremely 
complicated. 

Poutive thermonmty.—'KiB^ oi temperature inducing dilfer- 
ential growth brings about the closure ot the flower. Fall 
of temperature on the other hand induces a movement of 
opening. Example of this has already been given in the 
responsive movement of Nymphoea, ^ 

Negative thermonasty. — The opposite type of movement 
is exhibited by Grocus and Tulip. Pfeffer has shown that 
a rise of temperature induces in these flowers, a quicker 
rate of growth of the inner side of the perianth. Rise of 
temperature thus induces a movement of opening, and a 
fall of temperature brings about the opposite movement of 
closure. I shall presently describe the effects of both 
positive and * negative thermonasty, in diurnal movements 
of flowers. 

Thermo-geotropism.—l have already described the accen- 
tuation of geotropic curvature during the fall, and a 
flattening of carvature during the rise of temperature 
(p. 519). The influence of this factor on diurnal move- 
ment will presently be treated in fuller detail. 

There are thus more than ten variables, and the result- 
ing effect due to their combinations will exceed a thousand. 
This will explain why attempts at explanation of the 


BIlTBNAIi MOVEMENTS IN PLANTS 


m 


plienomeBOB of iiyctitropism had* hitherto proved so 
baffliBg. It is indeed a . difficnlt task 'to disentaBgle the 
full explaEation' of each ■ given case in the vast complexity* 
It is, however, possible, by a - process of judicious eli- 
mination, to reduce the difficulties which - at first appear 
to be insurmountable. ^ 

In the periodic movement of plants there are several 
factors which are predominant, others being of minor 
importance. The important factors are the effects of light 
and darkness, of variation of temperature on differential 
growth, and of thermal variation on geotropic curvature. 

For facility of treatment, I shall first take the three 
ideal types : (1) where the variation of light is the important 
factor, (2) where the movement is due to differential growth 
under variation of temperature, and (3) where thermal 
variation induces changes in geotropic curvature. I shall 
then take up the movement of the leaf of Mimosa where 
the combined effects of numerous factors give rise to a 
highly complex diurnal curve. There remains now the 
difficulty of discriminating the three types which approximate 
to the ideal. 

DISCBIMINATINO TESTS FOR CLASSIFICATION. 

Predominant effect of light and darkness . — ^Turning first 
to the case where light exerts a predominant infinenoe, 
the obvious test of keeping the plant in continuous dark- 
ness or con tin nous light is not practicable. One would 
think that if the movement was due to periodic variation 
of light, such movement would disappear under constant 
light or darkness.- But owing to the persistence of after-, 
effect, the periodic movement previously acquired is con- 
tinued for' a long time. , - 

- There' is, - however, another ' possibility of ■ discriitiinatton. 
The effect ' of variation of light wiir be most marked at 
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; the' two periods, early in ' the morning when ' the light 
appears, "and In the evening when it disappears. In the 
tropicS' there ' is little twilight;, in Calcutta, the snn rises 
in anminer at about 5-30 a.m., and- sets' at 6-30 pmi. In 
winter ' the : sun rises an hour later, and- the sunset is an 
hour -earlier, 'The average dawn' may therefore be, taken 
approximately -at 6 , a.m., and the average sunset at 6 p.in^ 
Unlike the diurnal variation of temperature which is gradual, 
the change from light to darkness or from darkness to 
light is very abrupt. If we succeed next in obtaining 
a continuous curve of the diurnal movement of the 
plant, the phototropic action would be evidenced by some 
flexures of the curve in the morning and towards evening. 

The other two types of daily movement depend on 
the diurnal variation of temperature, and there is some 
difficulty in distinguishing the effect of variation of light 
from that of temperature, since both are connected with 
the appearance and disappearance of the sun. 

Diurnal variation of light and of temperature . — There 
are certain differences, however, which enable us to dis- 
tinguish the two variations. Light appears in the morning, 
say at 6 a.m., becomes most intense at noon ; after 4 p.m. the 
light wanes, and darkness sets in quickly after 5 p.m, 
and remains persistent till next morning. The course 
of variation of temperature is somewhat different. The 
minimum temperature is attained in my green house at 
about 5 a.m. in summer, and at about 7 aan. in winter. 
The maximum temperature is reached at about 3 p.m. 
in summer, and about 1 p.m. in winter. The range of 
daily variation in summer may be taken to be from 
about 23 ^ C. to 34*^ 0. ; in winter it is from 16^ 0. to about 
29^0. The above gives the normal variation and not the 
sudden fluctuations tha’'* occur during uncertain weather 
Oouditions* 
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; :T!ie temperatare^^^r^ constant for nearly an iioiir 

during the: , period of transition from falling to ; rising 
fceinperattire, and vice versa. The average period of 'miniimiin 
temperature may be taken at 6 a.m,, which I . shall 

distinguish as the thermal-dawn^ The average period, for 
maximum temperature, the ihernial-noon ^ is at 2 p.rm Varia- 
tious from these average periods at different seasons do 
not amount to more than an hour. 

The light-dawn and thermal-drawn are more or less 
coincident, while the thermal-noon is two hours later than the 
light-noon. A change in the diurnal curve of movement due 
to thermal variation will thus be detected at about 2 p.in. 
If the curve of daily movement of the plant-organ closely 
resemble the diurnal tliermographic curve, there can then 
be no doubt of the causal relation of variation of tem- 
perature in the production of the periodic movement. Two 
different classes of phenomena, as already stated, arise 
however from the variation of temperature, thermonasty 
Mid thermo-geotropism. In the former, the movement is 
autonomous, and determined in relation to the plant ; in the 
latter, the movement is related to the direction of external 
stimulus of gravity. Further tests will be given later, to 
distinguish the phenomenon of Thermonasty from that of 
Thermo-geotropism. 

I shall in the succeeding papers describe the principal 
types of diurnal movements as sketched above. The success 
of the investigation greatly depends on the elaboration of 
automatic apparatus of precision, which gives a continuous 
record of the diurnal movement of different plant organs. 
The description of this Nyctitropic Recorder will be given 
fn the next paper, 

SUMMAEY. 

The obscurities in the nyctitropic movement of piants 
arise from the , presence of numerous complicating factors* 
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' :Ie .the./ciiErnal movement .-of plants tlm inoBt "importaiit 
factors are tlie effects of light and darkness, of , variatiori 
of : temperature' ' on /.dffi^ growth," and of thermal 

variation on : geotropic ■ curvature, , 

These' three classes of ■ phenomena may be. dlscFiminated 
from ■ each other by ^ the following tests. The: effects 'of light 
and darkness are most pronounced in the morning when 
light appears, and in the evening when light disappears. 
A pronounced flexure in the diurnal curve at these periods 
mdioates the dominant character of the phototropic action. 
The elfect of light can also be distinguished from that 
of temperature from the fact that the period of 
maximuin intensity of light, or light-noon;, is about two 
hours earlier than the thermal-man^ at which the 
temperature is maximum. 

A flexure of the diurnal curve about thermal noon, 
at which an inversion takes place from rise to fall of 
temperature, indicates the effect of temperature. The addi- 
tional test , of the effect of temperature is furnished 
by the close resemblance of the diurnal curve of 
the plant with the thermographic record for 24 hours. 

Two different classes of phenomena arise from 
variation of temperature — Thermonasty and Thermo-geotro- 
pism. In the former the movement is autonomous and 
determined by the differential growth-activity of the 
two sides of an anisotropic organ. In the latter the 
movement is not in relation to the plant but directed 
by the external stimulus of gravity. 



XLVIL-^DIURNAL MOVEMENT DUE TO ALTERNATION 

OF LIGHT AND DARKNESS 


By 

Sir J. C. Bose, 

Assisted hy 

Lalit Mohan, MurcHBRJi,, b.sc. {Nawroji Sdiolar). 

The nyctitropic movements of the leaflet of ijctssia 
cilata and of the terminal leaflet of Desmodmm gijrans 
furnish ns with typical examples of the recurrent effects 
of light and darkness. The petiole of Cassia contains a 
number of paired leaflets each of which is about 5 cm. 
long and 2*5 cm. broad. The leaflets are extremely 
sensitive to light ; at night each pair of leaflets fold them- 
selves in a forward direction (see Pig. 150). With the 
appearance of light they open at first in a lateral direction ; 
later on there is a twist of the pulvinns by which the 
inner surface of the leaflets faces light coming from above 
(p. 405). I shall show that the diurnal movements of the 
leaflets are predominantly due to phototropic action. 

Before proceeding further it will be necessary to give 
a general description of the experimental method employed^ 
and of the apparatus by which diurnal movements are 
recorded. 

EXPERIMENTAn ARRANOBMENTS. 

The diurnal record is often taken continuously for 
several days, and it is therefore necessary to take precau- 
tions against the disturbing effect of watering the plant. 

39" . 


536 


LIFE MOVEMENTS IN PLANTS 


;The record' is; also liable to be affected by the twist induced, 
by light wlieii it acts on one side of the organ. 

Irrigation. ---Theve is, as is well known, a periodic 
variation of turgor in the plant. This normal variation 
is, however, disturbed by watering the plant at irregular 
intervals. Precaution against this was taken by, placing 
the three flower pots on a long trough filled with water 
(Fig. 190). The height of water in the trough is always 
maintained constant by a syphon. 

Vertical illummation . — The direction of sunlight changes 
from morning to evening, and the leaves exhibit appropriate 
phototropic movements or torsions under changing direc- 
tions of lateral light. In order to obviate this, a special 
chamber was constructed, which allowed light from the 
sky to fall vertically on the plant through a sheet of 
ground glass which covered the roof. The sides and the base 
of the chamber are impervious to light. A narrow slit 
covered with red glass allows inspection of the curve 
during the process of record. 

The Ventilator . — A revolving ventilator, acted on by the 
wind, sucks the air away from the chamber, thus ensuring 
constant supply of fresh air, without causing any disturb- 
ances of the record. 

The E6corder.~l^h.Q Oscillating Recorder employed is of 
the quadruplex type carrying four recording plates 
(Fig. 190). The first lever records the daily variation of 
temperature. The other three are attached to three different 
specimens of the same plant, or to three different plants. In 
the former case, three records are obtained of the same 
species of plant, under identical external condition. If 
they agree in all essentials, the periodic curve may be taken 
as characteristic of the given plant, A very great saving of 
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time is thus ensured, and it is thus possible to obtain 
characteristic curves of numbers of different species of 



Fig. 190. — The Nyctitropic Recorder with four writing levers. The flower 
pots are placed in a trough filled with water to a constant height- The first 
two levers are shown in the figure to record movements of leaves, the third 
to record movement of a horizontally laid shoot ; the fourth lever attached 
to a diflferential thermometer, T, records diarnal variation of temperature. 

plants short period of a season. The qiiadrnplex 

recorder enables ns also to obtain simnltaneous records 
Tinder identical external condition of leaves of different age 
of the .same, plant, or of' leaves of three different species 
of plant, . I . have for the last five years taken records of 

:39 a 
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iiinnerotis plaats . at all seasons . of fhe year. The autograph 
of the; plant is often ' so characteristic that it , is possible 
to name it by mere inspection ' of its daily record; ' 

//' 2%errmgmph,—¥oT^ obtaining a contiiinoiis ..record of 
diurnal variation of temperature, I use a compound strip, 
T, made ; of brass ■ and steel. Variation of temperature 
induces a curvature of the compound strip which is recorded 
by means of the attached lever. The oscillation of the plate 
takes place once in fifteen minutes, and the successive dots 
thus produced give time records of the diurnal curve. 
The record thus consists of a series of dots. An 
additional device makes the plate oscillate three times in 
rapid succession at the end of each hour ; the hourly dot 
is thus thicker than others. The movement of the plant, 
corresponding to the particular variation of temperature 
at any period, may thus be easily determined. I shall 
now give a typical example of diurnal movement induced 
by variation of light and darkness. 

DIUENAL MOVEMENT OP THE LEAFLET Casda a'lata. 

The leaflet of Ccmia aJata exhibits a movement of 
opening in the morning, and it remains outspread 
throughout the day. It then begins to close before 
evening and remains closed throughout the night. The 
problem before us is to find out the relative import- 
ance of variation of temperature and of light in the 
diurnal movement of the leafiets; 

In the daytime the light is increasing till midday ; 
there is, on the other hand, a rapid decline of light after 
5 p.m, and uninterrupted darkness at night. As regards 
temperature there is a continuous rise from morning till 
the thermal noon at 2 p.m., after which the fall of 
temperature is continuous till next morning. The open- 
ing of the leaflets in the daytime may therefore be due 
to the summated effects of rising temperature and increas- 
ing light, the closure, on the other hand, being due to 
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failing temperature, and to darkness. The individual efl'ect 
of eaeli of these factors is not known and it is therefore 
necessary to determine the -effects of variation- of tempera- 
ture and of light. 

EFFECT OF VABIATION OF TEMPERATURE. 

'■Experiment 204. — The plant was enclosed in a glass 
chamber and exposed to diffuse light. The experiment was 
commenced at midday, when the leaflets were open; the 
light was kept uniform while temperature was artificially 
increased by means of an electric heater placed in the 
chamber, and decreased by introducing cold air into the 
plant chamber. One of the leaflets was aitacbed to the 
recording lever and its movement, up or down, indicated 
the movement of opening or closure. The records showed 
that rise of temperature induces a movement of closure, 
while that of fail brings about the movement of opening. 

EFFECT OP VARIATION OF LIGHT. 



Fia. 191. — Effect of sudden 
darkening at arrow, produc- 
es movement of closure 
(up-curve). Restoration of 
light induces opening 
movement (down-curve). 
Successive dots at intervals 
of 15 minutes, (Leaflet of 
Cassia.) 


Experiment 205. — This experiment 
was also carried out at midday, when 
the leaflets were open. The hori- 
zontai record in figure 191 repre- 
sents the stationary expanded condi- 
tion of the leaflet; a black cloth 
was put over the glass chamber at 
1 p.m., and the effect of darkness 
was recorded for one hour. Darkness 
is seen to initiate a movement of 
closure which increased at a rapid 
rate ; the black cloth was removed 
after an hour, and the movement of 
opening under light was completed in 
the course of five quarters of an 
hour. -It is thus seen that the 
leaflets are : extremely sensitive' to the 
action of light. 
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The experiments that have Jnst been described on 
the effects of rise of temperature, and of light, show 
that they are antagonistic to each other. In the forenoon 
the opening movement under light has to be carried out 
against the closure movement due to rise of temperature. 
Light, therefore, is the predominant factor in the diurnal 
movement of the leaflets of Cassia. The closure effect 
of darkness at night, on the other hand, overpowers the 
tendency of movement of opening due to fall of temperature. 


DIUENAL MOVEMENT OP THE LEAFLET OP Cassia alata. 

Experiment S06.—1 next obtained the diurnal record of 
the leaflet, from 4 p.m. till 1 p.m. next day. The leaflets 
remain open from 1 p.m. to 4 p.m. and the record of 
this period is therefore omitted. In the diurnal record 
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Fig. lOg.VDiurnal movement of the leaflet of Cassia alata. Closure movement 
commenced akri p.m. and completed by 9 p.m. Leaflets begran to open at 5 a.m. 

(Fig. 192) \tlie first thick dot was made at i p.m. and 
successive thick dots are at intervals of an hour, the 
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thinner dots being at intervals of 15 minutes. It- wili be 
seen that ■ a rapid movement .of closure was initiated; at: 
.5 p.m, when -flie light is undergoing a rapid diminution. 
The movement of closure is completed at about 9 p.m. 
The leaflets remain closed till 5 a.m. next morning, after 
which they begin to open ; this opening may commence" 
even an hour earlier. It should be borne in mind in 
this connection, that since light and rise of temperature 
are antagonistic in their reactions, the effects of light and 
fall of temperature would be concordant ; and the opening 
in the early hours may possibly be hastened by the low 
temperature in the morning. The leaflets open to their 
utmost by 9 a.m., and they remain open till the afternoon. 
The plant is so extremely sensitive to light that any slight 
fluctuation is followed by responsive movement of the 
leaflet. Thus the transitory passage of a cloud is marked 
in the record by a short-lived closure movement. 

DIURNAL MOVEMENT OF THE TERMINAL LEAFLET OF 
Desmodmm gyrans. 

Both the petiole, and the terminal leaflet of this plant 



Fitt. 193.— The day and night positions of the petiole and terminal leaflet of 
JJesmodium gyrans^ 

exhibit very marked myctitropic movement. The petiole is 
raised and becomes almost erect. in the evening, while the 
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pulvittiiS' of the ' termiiial leaflet exhibits a sharp curvature 
dowEwards (Fig. 193). 

/ SOT. —The petiole was, held fixed, and the 

terminal leaflet attached to the recording lever. I have 
already explained that light falling on the pulviniis from 
above, induces an up-movement of the leaflet, which is 
thus erected under light of moderate intensity. If the light 
foe strong, the transversely conducted excitation induces a 
partial neutralisation ; very intense light may even cause 
a reversal into down-movement* Under natural conditions, 
day-light acting from above induces an up-movement ; 
darkness, on the other hand, induces a rapid movement of 
fall. The leaflets sometimes exhibit autonomous pulsations ; 
but the diurnal movement is very strong and the daily 
curve appears as a single large pulse on which smaller 
autonomous pulsations may become superposed, 


The diurnal curve (Ehg. 194:) exhibits a sudden flexure 
at about 5 p.m. on the rapid waning of afternoon light 
till, by 6-30 p.m., it becomes closely pressed against the 



Fig. 194. — Diurnal record of the terminal leaflet of Desmodwm gyrans. XJp-ciirve 
represents movement of closure. 


petiole, by the rapid fall of the leaflet. The discriminat- 
ing test, between effects of variation of temperature and of 
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liglit '5 lies ill the fact that the iiexnre of the dturnal curve 
takes place in the; former at about .',2 ■ p.m, -when tempera- 
ture undergoes change from ascent to descent ; in the case 
of light, the change in the intensity of light begins to be 
marked about three hours later. In the diurnal curve of 
the re shows little change , at 2 pan., , showing 
that the leaflet is not affected to any great extent by tiie 
variation of temperature ; it is, however, strongly affected 
by change in light as seen in the rapid closure movement 
about 5 pan. The leaflet remains tightly closed throughout 
the night and begins to open and spread out early in the 
morning at about 5 aan. This up-movement is also very 
rapid and the leaflet assumes the fullest outspreae! position 
by 7 a.m. It remains in this position till the afternoon, 
after which the cycle becomes repeated. As the leaflet is 
very sensitive to light, the position of equilibrium of the 
leaflet is liable to be disturbed by the slightest variation 
of light and the fluctuation of light from the sky 
often gives rise to a wavy outline in the record. The 
leaflet, moreover, has a tendency to exhibit rhythmic 
pulsations. 

In the leaflets of 0ms ia and Desmodiuni^ the daily 
movement is thus brought about by the predominant action 
of recurrent light and darkness. 

MIDDAY BLEEP, 

■ I ' shall here /briefly recapitulate the results given , in 
greater: detail in an, earlier paper (p. 352). I have shown that 
the midday closure of : leaflets ■ is brought .about by the 
excitatory .action of ^ strong ,, .sunlight. The responsive, 
movement of': motile, pulvinus mnder diffuse; .stimulus is 
determined,, by ■ the greater - .contraction of the.. more excit- 
able half' of the organ. Under ,, the .action . of . the midday 
sun the leaflets, ■, of ...Jlimosa undergo-^ a folding upwards,. 
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whereas the leaflets -of, Averrhoa cmambola a folding 
downwards. The explanation of the difference lies in 
the fact ' that in the leafliets of. Mimosa it is the upper 
half, and in, Averrhoa it is the lower half of, the 
pulviniile, : that is the more excitable. This difference may 
be/ demonstrated by the action of diffuse electric shock 
under which the leaflets of Mimosa exhibit an upward, 
and those of Averrhoa a downward, closure. I have 
also shown that conduction of excitation takes place across 
the puivioula ; hence the strong excitation caused by sun- 
light becomes internally diffused, and brings about the 
responsive movements, the direction of which is deter- 
mined by the more excitable half of the pnivinale. 

SUMMARY. 

Rise of temperature induces a movement of closure of 
the leaflet of Cassia^ fall of temperature inducing the 
opposite movement. 

Artificial darkness induces a closure of the leaflets, the 
closure being completed in the course of an hour. On 
readmission of light, the leaflets become fully expanded 
in the course of one hour and a quarter. The leaflets 
are extremely sensitive to light, closure movement being 
induced by the transitory passage of a cloud. 

The effect of rise of temperature is antagonistic to the 
action of light. The movement of opening during the course 
of the day is due to the effect of light overpowering the 
effect of rise of temperature. 

Under daily variation of light and darkness, the 
movement of closure is initiated at about 5 p.m,, when 
the light is undergoing a rapid diminution. The movement 
of closure is complete by 9 p.m. The leaflets remain closed 
till about 5 a.m, next morning, after which they begin to 
open and become fully expanded by 9 a.m. 
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The . terminal leaflet of ■ Desmodium gyram exhibits 
a diurnal . movement which is very similar to that of '(7am a ^ 
It begins to open early in the morning and ^ remains out- 
spread during the whole day; the' leaflet exhibits a rapid 
down-movement after 5 p.m. and becomes closely pressed 
against the petiole in the course of about two hours. 

The midday sleep of leaflets of Mimosa and AverrJwa 
is due to the excitatory action of strong sunlight on the 
puiviniile, the more excitable half becoming contracted 
under excitation. In Mimosa leaflets it is the upper, and 
in Averrlioa^ it is the lower half of the pulvin tile that 
is the more excitable. It is in consequence of this that 
the diffuse excitation of strong sunlight causes the leaflets 
of Mimosa to fold upwards, those of Averrhoa to fold 
downwards. 



XLVIIL-BITJRNAL MOVEMENT DUE TO VARIATION 

OF TEMPERATURE AFFECTING GROWTH 

By 

Sir J. C. Bose, 

Assisted hy 

Lalit Mohan Mukerjee. 

It has been stated that there are two classes of diurnai 
movements caused by variation of temperature ; one of 
these is due to differential growth induced on two sides 
of the organ, and the other is brought about by the 
induced variation of geotropic curvature. The former may 
be distinguished as Thermonastic^ and the latter as 
Thermo-geotropic movement. Before laying down the criteria 
to distinguish the one class of phenomenon from the other, 
it would be advisable to refer to the somewhat arbitrary 
distinction that has been made between nastic and tropic 
reactions. 

TROPIC AND NASTIC MOVEMENTS. 

The explanation, which I shall offer about the night 
and day movements in plants, has been reached through 
the study not only of pulvinated, but also of growing and 
fully grown organs. A distinction is made between the 
movement due to growth, and the ‘ variation movement ’ 
due to change of turgor, I have shown (p. 239) that the 
same diminution of turgor which induces a contraction in 
a pulvinus, also induces in a growing organ an incipient 
contraction, and retardation of growth. Enhancement of 
turgor, on the other hand, induces in both the opposite 
effect of expansion. Unilateral stimulus induces curvature, 
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aiici there is no essential . difference in the production of 
siich cnrvatiires in pulvinated, ' growing,- and fully grown 
organs. The,' exhibition of nyctitropic movement the 
fully grown, and rigid ‘Praying Palm® is a striking cie- 
Bioiistratioii of the unity of response of all plant . organs^ 

A.S. regards the distinction between the tropic and nastic 
movements, it will be found that there is no , sharp ■ line 
of demarcation between the two. A movement is said to 
be tropic^ when unilateral stimulus acts on an organ- and 
induces in it a directive movement. Curvature incliiced by 
diffused stimulus on a dorsiventral q,r anisotropic organ 
(with differentia! excitabilities of the two halves) is termed 
nastic. Daylight is supposed to act diffusely (i.6., equally 
on all sides) on leaves ; this is, however, not strictly true? 
since the light from sky above is stronger than from 
ground beIow% Moreover, the tropic action of unilateral 
light may become nastic by internal diffusion of excitation. 
This is seen in the response of the pulvinus of Minima 
to light acting from above. The leaf at first moves 
upwards towards the stimulus, the response being positive- 
ly phototropic, But under the continued action of liglitj 
excitation becomes internally diffused, and the leaf under- 
goes a fall by the greater contraction of the more excit- 
able lower half of the organ (p. 331), No sharp distinction 
can therefore be made between the movements of growth 
and of variation, between tropic and nastic curvatures. 

The employment of the term ‘ nastic ’ is, ho wever, 
convenient when used in a well-defined and restricted 
sense. “We speak of tropism when the organ takes up a 
resting position definitely related to the effeciim stinmlus^, 
Nastic movements, on the other hand, are curvatures which 
bring about a particular position in relation to the ^ plant, and 
not to the direction of the stimulus”.’*^ It will soiiietiiiaes 
be necessary,; in the course -of this paper, to discrimmate 
^ : Strasburger— Text-book of Botany ” (1912), p,,30(}. 
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the lEOvemeiits which are ■ autonomoES from others 'which 
are 'paratoiiiCj broaghi about by external stimulus , to 
the former class belongs a large number of automatic 
ucfeivities ranging from the quick .pulsations of' Besmodium 
gyram 'io the slow, movements, exhibited by epinastic and 
hyponastic organs. Under the category , of nastic move- 
ments may also be included those of the flower of Groctis 
and in which variation of temperature induces 

differential growth on two sides of the organ. The direc- 
tion of the movement, though initiated by change of tem- 
perature, is determined by the difference of growth-activity 
on the two sides. In these instances of nastic movement, 
the induced curvature is in relation of the plant; the 
opening of the flower due to rise of temperature will remain 
the same, whether the flower be kept in an erect or in 
an inverted position. Had the movement, on the other 
hand, been paratenic, that is to say, due to the external 
stimulus of gravity, the responsive movement would have 
been determined not in relation to the plant but to the 
direction of external force of gravity. 

In the description of direction of responsive move- 
ments, confusion is likely to arise unless the point of view 
be carefully defined. An up-movement of a leaf or a 
petal means approach towards the growing point of the 
axis. This may be variously described as movement of 
closure or of folding. A dOwn-movement may, on the 
other hand, be described as a movement of opening or of 
unfolding. If the plant be held inverted, two different 
effects will be noticed depending on the character of the 
movement, whether nastic or tropic. In the case of nastic 
movement, the former up-movement in erect position would 
appear, on inversion of the plant, to be a down-movement; 
but in relation to the plant the closure movement will 
remain closure movement, whether the plant be held in 
the normal position or upside down. If, on the other 
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hanci, the direction of movement be determined by 
the paratonio effect of external stimnlns, gravity for 
example, an np-movement 'due to fall of temperature will 
contimie to be , an up«movem,ent, , whether .the plant .be 
held in its normal or inverted- position. The responsive 
movement in relation to . the plant will, however,' be 
different ; the closure movement will, ■ on inversion, be 
reversed into a movement of opening. The reversal of 
closure into an opening movement, or mhe versa will thus 
be a test of the paratenic effect of external stimulus. 

We may thus distinguish thermonastic from thermo- 
geotropic action by the following tests : 

1. Thermonastic movements are, generally speaking, clue 
to differential growth, and are therefore characteristically 
present in growing organs. Thermo-geotropic action Is 
independent of growth. 

2. Thermonastic movements take place in relation to 
the plant, and is not determined by external force of 
a directive nature. Opening or closing movement will 
remain unchanged after inversion of the plant. But thermo- 
geotropic reaction being determined by the external stimu- 
lus of gravity, becomes reversed on inversion of the plant. 
Closure movement is thus converted into opening move- 
ment, and vice versa* 

I shall now take up the diurnal movement due to 
variation of growth irxduced by change of temperature. Of 
this the flower of Nymphma furnishes an example. 

' : ' a ; Nymphma. 

The flower of remains closed during the day 

and opens at night. Figures 195 and 196 are from 




FiS. 195 . — Nymphaa closed at daytime. 
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photographs of the day and night positions of the flower. 
The closure and opening ] movements of this flower have 


Fig. 19fi . — Nymphoea open at night. 

been regarded as being mainly due to recurrent vari- 
ations of light and darkness.* If the opening be due to 
darkness, closure of the flower should take place in the 
* .Pfeffer— VpL III, p. 122. 
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iiiorBing with the appearance of light. But the flowers 
often remain open till ten or eleven in the forenoon. I 
have sometimes succeeded in keeping the flower opea for 
greater part of the day by lowering the temperature of 
the plant-chamber. The movement of the flower thus appeared 
to he associated with variation of temperature rather 

than of liglit. 


Action of light : Experiment iDvestigated tte 

effect of liglit on the movement of opening or of closing 

of the flower. One of the petals 

■ was ; attached to the recording 

lever; light from an arc lamp 
was made to act diffusely on the 
petal ; this was done by means of 
two inclined mirrors by which 
the divergent horizontal beam of 
light was thrown on the upper 
and lower sides. The record in 
figure 197 shows that light induced 
Fig. 197.— Response to light a movement of opening, followed 


applied successively for 1 
minute. Down-curve shows 
movement ol opening followed 
bv’- recovery in darkness. 
{Nymphma). 


by closure in darkness. Since light 
induces a movement of opening, 
and darkness brings about a 
closure, the opening of the flower 


at night could not be due to darkness. We have therefore 
to look for a different cause for the diurnal movement of 


the flower. 


■ Effect of variation of temperature.— I have already 
described an experiment which proves that rise of tempera- 
ture induces a movement of closure of the floral leaves of 
Wi/mjrAcEU, lowering of temperature producing the opposite 
effect (p. 311). 

From the study of the action of light and of varia- 
tiou of temperature, it will be seen that the flower of 

40 
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NympUwa 'is acted on in the evening by two antagonlB- 
tic forces ; darkness, , Induces a movement of closure, and 
fall of temperature gives rise to a movement of opening. 
Since the flower opens in the evening, the predominant 
effect is that of falling temperature. 

The above conclusions are fully borne out by the 
diurnal record which I obtained with Nymphcea. 

Experiment 209 ,— of the perianth leaves was attached 
to one of the recording levers, the differential ther- 
mometer being attached to the other. It will be seen 
(Fig. 198) that the movement of the flower follows very 



Fig. 198.— Diurnal record of Nymph^a. record gives variation o| 

temperature; ttie up-curve representing fall, and down-curve rise of temperature* 
The lower record exhibits the movement of the flower, up-curve representing 
the opening, and down-curve the closure of the flower. 

closely the curve of variation of temperature. The flower 
was tightly closed in the day time ; and the perianth leaves 
began to open out in the evening at first slowly, then very 
rapidly, and the flower becoming fully expanded by 10 p,mn 
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at night, ■ Though the temperature continued to fall, there, 
was no possibility of further expansion beyond; the maxi- 
miim. The temperature began to rise after ^ passing through 
the minimum at 6 a.m., and the movement of closure' 

set in with rising temperature, the flower becoming com- 
pletely closed by 10 a.m. That geotropism ' has little 
effect is seen from the fact that the inversion of flower 
does not interfere with the normal opening or closing of 
the flower. 

The phenomenon of diurnal movement ot Ny^nphcea is 
therefore thermonastio, the floral leaves exhibiting move- 
ment of opening at night owing to fall of temperature. 
Luffa acutangula^ which opens in the afternoon, and 
closes early in the morning, gives a diurnal record similar 
to that of Nymphcea. 

SUMMARY. 

The flower of Nymphma exhibits a movement of closure 
during rise of temperature, and of opening during fail 
of temperature. 

It is shown further that the effects of light and of 
rise of temperature are antagonistic to each other. Light 
is shown to induce In Nymphma ilciQ movement of open- 
ing, and darkness to cause the movement of closure. 
The diurnal movement of is not therefore due 

to periodic variation of light and darkness, but to the 
predominant effect of variation of temperature. 

The diurnal record shows that the perianth leaves begin 
to open in the evening with failing temperature, and the 
flower becomes fully expanded by TO p.m. The move- 
ment of closure sets in with rising temperature in the 
morning, and the flower becomes fully closed by 10 a.m. 

#.A ' 



XLIX.—DAILY MOVEMENT IN PLANTS DUE TO 
THERMO-GEOTEOPISM 

By 

Sir J. G, Bose, 

Assisted hy 

Lalit Mohan Mukhbeji. 

Oe the vast number of daily movements perhaps the 
largest proportion is due to thermo-geotropic reaction ami 
its modifications. Thermo-geotropic movements have the 
folio-wing characteristics : 

1. The organs are sensitive to the stimulus of gravity 
and the periodic movements are brought about by varia- 
tion of geotropic curvature under change of temperature. 

2. The movement is not confined to growing organs, 
but is also exhibited by organs which are fully grown and 
even by rigid trees. 

3. The periodic movement is closely related to the 
diurnal variation of temperature. Fall of temperature from 
thermai-noon (about 2 p.m.) to thermal-dawn (about 6 a.m.) 
is attended by a movement of erection ; rise of temperature 
from thermajl-dawn to thermal-noon is followed, on the 
other hand, by a reverse movement of fall. 

That the movement is primarily due to variation of 
temperature will be demonstrated in two different ways ; 

(a) by the change of normal rhythm of movement by 
artificial transpositions of periods of maximum 
and , minimum temperature, and 
(/>) by the abolition of periodic movement through 
maintenance of constant temperature. 
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That the phenomenon is not nastic, but paratonie will 

b 0 . demonstrated: — 

(a) by tile reversal of closure into opening movement' 
and vice versd^ in consequence of inversion of 
the plant upside down, and 

(/;) by the diurnal variation of torsional movemmt, the 
di:r3Ctiou of which is dependent on the directive 
action of the stimulus of gravity. 

I shall now describe the diurnal movement of various 
geotropicaliy curved plant-organs ; the most striking 
example of this is furnished by the ‘ Praying ’ Palm of 
Faridpore, already described. I sball here recapitulate some 
of the important features connected with the phenomenon. 

BIUBNAli MOVEMENT OP PALM TKEES. 

Movements similar to that of the Faridpore Palm 
(p. 12) are found in other Palm trees growing at an 
inclination from the vertical. I reproduce once more the 
diurngil curve given by the Sijberia Palm together witli the 
curve of daily thermal variation (Pig. 199). It will be 
seen that the two curves resemble each other so closely 
that the curve of movement of the tree is practically a 
replica of the thermographic record. There can therefore 
be no doubt of the movement being brought about by 
variation of temperature ; rise of temperature is attended 
by the movement of fall of the tree and vice versa. The 
record was commenced at noon ; the temperature rose till 
the maximum was reached at about 3 p.m, and 'the tree 
also reached its lowest position at 3-45 p.m., the lag 
being 45 minutes. The temperature fell continuously after 
the maximum at 3 "p.m.,- to the minimum at 6' a.m. next 
morning. In response to the falling' teinperature, the tree 
exhibited a movement of ; erection. The temperature rose 



Fig. 199.— Diurnal record of the Sijberia Palm, Dpper curve gives variation 
of temperature, and the lower curve the movement of the tree. 
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after ,'6 aan* 'BiicI :t!ie movement of the tree became reversed 
from ascent to descent* 
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(4) that the weight of the plant-organ as snoh, has little 
effect on the diurnal curve, since an inverted plant conti- 
nues for a few days to exhibit the periodic movement, in 
spite of the antagonistic effect of weight. A different 
experiment will he described (see p. 582) where the effect 
of weight was completely neutralised and the plant-organ 
oave, nevertheless, the normal diurnal curve. 

I have also shown that - the diurnal movement is 
determined by the modifying influence of temperatura on 


-Diurnal record of inclined palm tree, of geotropically 
;em of Tropadum and the dia-geotropio leaf of palm. Hote 
dinrnal cunre of plants and the thermographic record. 


geotropic curvature. Rise of temperature opposes or 
neutralises the geotropic curvature ; fall of temperature, oa 
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the other ;:M it,' The pardcoiar diiiriiaimov^^^ 

ment was not confined to the palm trees, bnt was exhibited 
by ali plant-organs siibjected to the stimnlns of gravity. 


DIUBNAL MOVEMENT OF PBOCUMBENT STEMS AND OF EEAVES. 


Experiment In order to demonstrate the continuity of 
the phenomeDon of diurnal movement I took various stems 
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Fi&. 201.— Diurnal records of leaves of iMia, Pa^a^a i nd C. ofou 

growing in water or land for my experiment. The 
wBm laid horiasontally, till the stems bent up and as 
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the stable position of geotropic' ’equilibrium. In figure 200 
is given records of the inclined palm tree, of proonmbent 
stmi Tropimlum, and the leaf of the palm : tree. / The 
very close relation between the temperature-variation and the 
movement of different plant-organs is sufficiently obvious. 

I shall next give a series of diurnal records of leaves 
of different plants such as those of Dahlia, Papaya and 
Croton (Fig. 201). In these also fall of temperature induces 
an up- movement while rise of temperature causes a fall 
of the leaf. I shall presently refer to the (personal 
equation’ by which the record of one plant is distingiiislied 
from another. 

CONTIKUOtrS DIURKAL RECORD FOR SUCCESSTYE THERMAL 

.J^OONB. 

Experhnent 2/i.— The diurnal record given above, w^as 
taken from ordinary noon at 12 o’clock to noon next 
day. The diurnal curve becomes much simplified if the 
record be taken from thermal ^noon ^hout 2 p.m.) to 
the thermal noon next day. The plant-organ becomes 
erected during falling temperature from thermal-noon to 
thermal-dawn next morning, and undergoes a fall during 
rise of temperature from thermal-dawn to thermal-noon. 
The subsequent diurnal records will therefore be given for 
24 hours commencing with 2 p.irii In figure 202 is given 
diurnal records of geotropicaliy curved stem of Tropm- 
oZwm and the leaf of Dahlia for two days in succession. 

The thermal record shows that there was a continiioas 
fall of temperature from thermal-noon at 2 p.m. to the 
thermal-dawn at 6 a.m. next morning, that is to say, for 
16 hours. Rise of temperature through the same range 
occurred in 8 hours from 6 a.m. till 2 p.m. The averages 
rate of rise of temperature' was thus twice as quick a- 
tbat of fall. This is clearly seen from the slopes of therr 
toal curve during thermaT ascent and' descent.: Th^e xecocl^ 
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of the movoment of the plant shows a striking parallelism ; 
the different plant-organs became erected from thermal-noon 
to thermal-dawn, and underwent a fall from thermal-dawn 
to thermal-noon. The descent of the curve is, as in the 


H'ig. Diartial cape of the procuuabent stem of Tro^moUim majus, and 
the leaf of Ikthlia for two successive days. In the thermographic record the up- 
curve represents fall, and down-curve rise of temperature. 

case of thermal curve, relatively more abrupt. The records 
on two successive days are very similar, the slight differ- 
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ence being due to the . physiological depression: consequent 
on prolonged maintenance of the. plants in a closed chamber. 

' MODIFICATION OF THE DIDBNAD CI7EVE, ' 

1: shall now proceed to explain the 'modifications 'that 
may occur in the standard thermo-geotropic carve. ' 

Turning points, — In the balky Palm, the , reversal of 
movement from fall to rise or vice versa takes place about 
aij hoar after the thermal inversion. , This lag is partly 
dac. to the , time taken by: a- mass of tissue to ■ assume the 
temperature of the ^ surrounding air. There is/: moreover, 
the question . of physiological inertia which , delays the 
reaction. : In leaves this lag: may be considerably less or even 
a bsent. In certain cases ' the ^ reversal of movement may 
take place a little earlier than the temperature inversion. 
It should :be ' remembered ,: in this connection,, that in 
response tO' temperature change, the leaf is often displaced 
to a, considerable extent from ^ its' * mean ' position of : eqaili- 
brium’ moreover the force of ' recovery is greatest at the 
two extreme positions. ' These CGnsiderations probably explain 
the quick ', return of the leaf to equilibrium position. The 
slow autonomous , movement of the leaf- may •sometimes 
prove to be a contributory factor. 

Effect of irregulaf fimtuation- : of temper 
weather the diurnal ' rise' and fall ' of ■' temperature is very 
regular. But under less settled condition, owing to the 
change of direction of the ■wind, the iemperature curve shows 
one or more fluctuations, specially in the forenoon. It was a 
matter of surprise to me to find the plant-record repeating 
the fluctuations of thermal record^, with astonishing fidelity. 
This common twitch in: the . .two records -. is . seen in the 
record of the Sijberia Palm (Pig. 199). Certain plants are 
extremely sensitive tO' variation .of . . temperature so 
much so that these physiological indicators of thermal 
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variation are far, , more delicate , than ordinary tliermo- 
' meters. „ 

: .Effect of restricted plidhUiUj of the organ.— K .\mf w 
more pliable in one "direction than in the other, ' The 
piilvinns of ilfmosa, for example, allows a greater amount 
of bending downwards than upwards; in consequence of 
this the leaf in its fall becomes almost parallel to the 
internode below ; the up-movement is, however, far more 
restricted. The leaf in its most erect position still makes 
a considerable angle with the inteniode of the stem above 
it. If the leaf-stalk of a plant be restricted in its rise 
the erectile movement at night will reach a limit, and 
the top of the curve will remain flat. This is seen 
illustrated in the record of the leaf of Groton (Fig. 202), 
which attains its maximum erection at 9 pan. and the 
subsequent curve remains flattened till 7 aan. ; after this 
the leaf begins to execute its downward mo%^ement. In 
other cases, the range of up-movement is very great 
and the plant-organ erects itself continuously till morn- 
ing. In certain cases the impulse of up-movement carries 
the organ beyond the stable position of equilibrium; 
after this the leaf begins to retrace its path slowly ; the 
down-movement clue to rise of temperature is, however, far 
more abrupt, and easily distinguishable from the previous 
slow return. 

It will thus be seen that though the diurnal recorl 
consists of an alternating up and down carve, yet these 
minor characteristics or ‘personal equation’ of the plant 
confers on the record a certain stamp of individuality. 

Effect of age . — In the floral leaves of Nymphcea \jhi% 
thermohastic movement is of positive sign ; that is to say^ 
an erection of the petal during rise, and a fall during the 
lowering of temperature. The corresponding movement of 
leaves would therefore be an erection of the leaf In 
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day-tiaie, EEtl a,, fall of i he leaf at .aight' The periodic - 
carve of sack leaves woald be of opposite sign to the stan- 
dard thermo-geotropic carves given above. The leaf of 
Nicotina is adduced as an example of a leaf which exhibits 
a movement of fall at night. Bat the fully grown and 
hori»oiita!ly spread leaf I find' that gives the normal record. 
The very young growing leaves give a 'different and - some- 
what erratic curve. The difference between growing and 
fully grown leaves is explained hy the fact that the former 
would be affected by thermotropism, and the latter by 
thermo-geotropism. Young leaves exhibit moreover a pro- 
nonnced hyponasfy or epinasty, which would natorally 
modify the diurnal curve. 

Certain interesting variation is met with in the diurnal 
record of sprouting leaves of Mimosa in spring. The move- 
ments of leaves grown later in the season, as will be ex- 
plained in a later chapter, are very definite and charac- 
teristic. But the young leaves in spring exhibit no definite 
diurnal curve, but a series of automatic pulsations, the un- 
suspected presence of which in all leaves of Mimosa will 
be demonstrated in a subsequent chapter. Later in the 
season, the leaf becomes tuned, as it were, to the periodic 
variation of the environment; the automatic movements 
become suppressed, and the diurnal periodicity becomes 
deeply impressed on the organism. 

Effect of season^—ih.^ diurnal curve may also be modi- 
fied by the seasonal variation of any one of the effective 
factors. Tropmohm majiis, for example, exhibits positive 
phototropic action in one season and a negative reaction 
in' a different season. These seasonal variations must 
necessarily modify the diurnal curve. 

I shall now proceed -to demonstraie. the determining 
influence of thermal variation, and 'of stimulus of gra'vity on 
the thermo-geotropic ' movements. . The striki'Dg similarity of 
the thermograph, and 'the ■ record ,/Of movement plants 
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demoiisferate the causal relatioE. ' between temperature vari» 
ation and diarnal movement, of , which the two additional, 
tests described below offer further conOrmation. ' 

■ EBVERSAn OF NOBMAL BHYTHM. ' 

The normal diimial iiiovemont is,^ as we have seen, a 
fall during rise of ■ temperature from morning , to afternoon, 
and a rise from afternoon .till next morning. I succeeded 
in reversing the normal rhythm of BaseUa by reversing 
the normal variation of temperature at the two turning 
points, in the . morning and in the afternoon. The plant 
was subjected to falling temperature in' the morning and to 
rising temperature in the afternoon. The normal ' inovement' 
now became reversed,' i.e.,; an erection Instead of fall in the 
forenoon and' a fall instead of rise in the afternoon :(p. 28 ). 

', bffbc:t 'of constant tbmpbbatubb. 

' The: second,^ I shall employ ds the effect" of 
maintenance of constant temperature, which shoo Id wipe off, 
as it were, traces ' of periodio. movement. , It was , 'necessary 
for this investigation' to \maintain' the d plant cham.ber • at 
constant temperature throughout day and night. The usual 
thermostat is, virtually da ' recess in va double- walled 
chamber filled with water, the chamber being covered 
with a heat insulating material. But this contrivance is 
unsuitable for the plant chamber which is to contain 
good sized plants, and the recording apparatus. The 
problem of maintaining a large air-chamber at constant 
temperature presented many difficulties which were ulti- 
mately overcome by the device of an extremely sensitive 
thermal regulator. 

The Thermal Regulator^ — I shall in a future paper give 
a complete account of the large thermostatic air-chamber. 
The. important part of the apparatus is an electro-thermic 
regulator which interrupts the heating electric current as 
soon as the temperature of the chamber is raised a 
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littiidredtli ■ part of a degree above tlie predetermmed ' tein- 
peratiire* ; , The automatic make and break of tbe current 
takes place in rapid succession, and the temperature of 
the chamber is thus maintained constant within tenth of 
a degree, throughout day and night. 

■Diiitnal^ record 0 / Tropaeolum under constant tempera ^ 
ture: Experiment 212,— normal record of geotropically 
curved TropcBolwm is already given in figure 202. In repeat* 
ing the record I maintained the plant at constant tempera* 
ture for 24 hours ; the result of this is seen in the 
first part of the record (Fig, 203), The thermal record 


FlO. 203 .— Abolition of diurnal movement in under constant 

temperature, and its restoration under normal daily fluctuation. The upper 
record- is of temperature and 'the lower of plant movement. 

is' practically horizontal, and the diurnarrecord of the piaut 
shows no -periodic movement. The thermal regulator was 011 
the next day put out of operation, thus restoring the normal 
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diuTEai^' variation, of temperature.' The' record. ''Of the plant 
is seen ; to exhibit oace more, its' normal periodic movement. 

::'I have in the chapter on thermo-geotropism (p. 515) shown 
that the diurnal movement of a geotropically curved 
organ is deterniined in reference to the direction of force 
of gravity,: , This will .be seen demonstrated in an inter- 
esting manner in the two following experiments on the 
effect of inversion of the plant on daily movement. 

DIURNAL MOVEMENT IN INVERTED POSITION. 

I have already referred to the distinction that is made 
between nastic and paratonic movements. In the former 
the movement is autonomous and in relation to the plant, 
and in the latter it is due to an external force which 
determines the direction of movement. In nastic reaction, 
closure movement would persist as a closure movement’*^ ; 
but should the direction of movement be determined by 
the stimulus of gravity, closure movement would, on inver- 
sion, be reversed into an opening movement. Viewed from 
an external point of view an up-movement in the latter 
case would, after readjustment on inversion, become an up- 
moveraent, though in so doing, the expansion should be 
transferred from the upper to the lower side of the organ* 
It is to be understood in this connection, that some time 
must lapse before this readjustment is possible, and that 
the former movement may continue, in certain cases, as 
a persistence of after-effect. 

I succeeded in demonstrating the paratonic effect of 
geotropic stimulus on the periodic movement of the palm 
leaf, by holding the plant in an inverted position (p. 24)- 
On the first day of inversion, the diurnal record was 
erratic, but in the course of 24 hours, the leaf readjusted 
itself to its unaccustomed position, and became somewhat 
erected under geotropic action. After the attainment of 

* By closure is meaht raovemeut of opposite pairs of leaf-organs towards 
each, other. 
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Fia. 204. Effect of inversion of the plant on diurnal movement, (a) 

Normal' record, (6) record 24 hours, after :iuverBion and (c) after 48 hours 

( Tropceolum). , 

curved stem of Trop 0 olum. Its diurnal curve and tlie subse- 
quent changes after inversion are given in figure 204. In 
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this new state of geotropic equilibrium, the leaf gave the 
record of down-movement during rise, and up-movement 
during fall of temperature, movements which in reference 
to the plant are the very opposite to those in a normal 
position. But seen from an 'external point of view, rise 
of temperature caused in both normal and inverted 
positions, a down-movement indicative of diminished 
geotropic 'curvature ; fall of temperature, on the other hand, 
brought about an erectile movement, thus exhibiting 
enhancement of geotropic curvature. 

Experiment SIS.— A still more striking result exhibiting 
the phase of transition was given by the geotropically 


^ MOVBMIHTB ra PLANTS : / 

(а) , is se«n. the normal diurnal .curve; tli© specimen' was 
inverted, and it took, an entire' day for the' plant to 
readjust itself to the new geotropic condition .The record 

(б) : was recommenced on the second day after inversion ; 
the persistence of previous, movement' is ' seen in the 
reversed ' curve ■ during the 'irst half of ■ the second . day ; 
but' in/ the/ second half the record became ' true, and the 
third day the inverted plant gave a record which, from 
an ' external , point of view, was similar to that given by 
the plant in the normal position. 

SUMMARY. 

A continuity is shown to exist between the thermo- 
geotropie response of rigid trees, stems, and leaves of 
plants. 

The diurnal record exhibits an erectile movement from 
thermal-noon to thermal-dawn, and a movement of fall 
from thermal-dawn to thermal-noon. 

In contrast with thermonastic movement which takes 
place in growing organs, thermo-geo tropic movement 
takes place in fully grown organs including rigid trees. 
The thermonastic movement is independent of the direction 
of gravity, while in thermo-geotropic reaction, the stimulus 
of gravity exerts a directive action. 

The effect of variation of temperature on the diurnal 
movement is demonstrated by induced change of normal 
rhythm, by artificial transposition of periods of thermal 
inversion, and by the abolition of periodic movement 
under constant temperature. 

The effect of stimulus of gravity on the diurnal move- 
ment is demonstrated by the effect induced on holding 
the plant upside down. The direction of the daily move- 
ment is found to be determined by the directive action 
of the stimulus of gravity. 



L*— THE AFTER-EFFECT OF LIGHT ■ 

By 

SiE J. C. Bose, 

Assisted hy 

Stjrbndra Chandra Das. 

We have considered two types of diurnal movement^ 
one due to the predominant action of variation of light, 
and the other, to that of changing temperature. There 
are, however, other organs which are sensitive to variations 
both of light and of temperature. The effect of light is, 
generally speaking, antagonistic to that of rise of tempera- 
ture; hence the resultant of the two becomes highly 
complex. 

Still greater complexity is introduced by the different 
factors of immediate and after-effect of light. This latter 
phenomenon is very obscure, and I attempted to determine 
its characteristics by electrical method of investigation. A 
fuller account of after-effect of light on the response of 
various plant-organs and of animal retinse will be found 
elsewhere,'*^ /I shall here refer only to one or two 
characteristic results which have immediate bearing on 
the present subject. 

Direct stimulation under light induces excitatory reac- 
tion, which is mechanically exhibited by contraction, and 
electrically by induced galvanometric negativity. Under 
continuous stimulation, the excitatory effect, either of posi- 
tive curvature or of induced galvanometric negativity, is 
found to attain a maximum. This is often found to 
undergo a decline and: - reversal ; ■ fO:r: under ' -continuous 
“ Comparative Electro-Physiology 892. 
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■sMiniilatioii there Is a fatigue-decline, as, seen in the 
■relaxation ' following iiorma^ in animal muscle. 

The positive tropic curvature, and, the induced galvano- 
metric negativity .-may thus undergo a decline, and neu- 
tralisation,' This neutralisation' is also , favoured, in certain 
cases, by transverse conduction -of., excitation , to' the distal 
side. , 

The character of the after-effect will presently he 
shown to be modified by the duration of previous stimula- 
tion, the different phases of which will for conveni- 
ence, be distinguished as pre-maximum, maximum and 
post-maximum. Since .stimulus simultaneously induces 
positive ‘‘A” and the negative “ D changes (p. 143), 
their iatensities will undergo relative variation during the 
continuance and cessation of stimulus. The after-effect 
will therefore exhibit unequal persistence of the expansive 
A ” and contractile “ D ” reaction at different phases of 
stimulation. 

EIiBCTRIC AFTER-EFFECT. 

Confining our attention to the electric response, it is 
found that under continued action of light the excitatory 
galvanometric negativity increases to a maximum, after 
which there is a decline, and neutralisation. Figure 205 
gives the gaivanographic record of the electric response of 
the leaf stalk of Bryophyllum under light ; the up-curve 
represents increasing negativity which, after attaining a 
maximum, undergoes neutralisation as seen in the down- 
curve. I shall, with the help of the diagram given in 
the next figure, describe and explain the various after- 
effects I observed on sudden stoppage of light : before the 
attainment of maximum, at the maximum, and after the 
maximum. 

After-effect of pre-maximum stimulation: Experiment 
214 . — ^Light is applied at arrow and stopped in different 
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experiments at o, 6, and c (Fig. 106). Continuous stimu- 
lation induces increasing galvanometric negativity ; when 



Fig. 205. Fig. 206. 


Fig. 205. — Electric response of the leaf-stalfc of under contiaiioiis 

photic stimulation. Increasing negativity represented' by up-curve, neuti'alisation 
by down-curve. 

Fig. 206. — Diagrammatic representation of electric after-effect of stimulatioia. 
Pre-maximal stimulation produced by stoppage of light at a, gives rise to continua- 
tion of previous response follo wed by recovery. Stoppage of light at maximum 5 
gives rise to recovery to equilibrium position. Stoppage of light at poBt-maximum 
c, gives rise to over-shooting below zero line. 

stimulus is stopped at a before the maxim am, the after- 
effect is a persistence of excitatory galvanometric negativity, 
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■ which record higher iip ; after a 

certain , iaterva! recovery takes' place and the record returns 
to thC; zero line of , normal equilibrium. The after-effect of' 
pre-maximum stimulation is thus a short-lived' continuance 
of response followed by recovery. . 

' AftBr-effect at maximum t Experiment '215..— In this the 
photic stimulus was continued till the attainment of 
maximum, when light was suddenly removed at h. The 
after-effect was no longer a persistence of responsive 
movement, but disappearance of negativity and recovery 
to zero line of equilibrium. 

Poet-maximum after-effect t Experiment 216 . — In this 
light was continued till there was a complete neutralisation, 
the curve of response returning to zero line ; to ail outer 
seeming the responsive indication of the tissue is the 
same as before excitation. But stoppage of stimulus at c 
causes an over-shooting at a rapid rate far below the zero 
line ; and it is after a considerable period that the curve 
returns to the zero line of equilibrium. 

The condition at post-maximum c is thus one of dynamic 
equilibrium where two opposite activities, A ’* and “ D/’ 
balance each other; for had the ■ condition of the ‘neutra- 
lised’ tissue been exactly the same when fresh, cessation 
of stimulus would have kept the galvanometric spot of 
light at the zero position. 

The electric investigation described above shows that 
the after-effect is modified by duration of stimulation, and 
that: 

(1) the after-effect of pre-maximum stimulation is 
the continuation of response in the original 
direction (upward, and away from zero line), 
followed by recovery, 

(2) the after-effect of the maximum is an electric 
recovery towards zero position, aiid 
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,(3) the .after-effect of ' post-maximBin stimniation „ is 
: an O'ver-shootmg below the ■ zero liae. 

TBOPIC ,,RB.SPOHSB. HHDER LIGHT A’NI> ITS'.APTBB-BFFBCT., , , ■ 

'F shall row' describe bhO'. after-effect of light as seen in 
mechanicai ■ responss, and . the results will be found parallel- 
to: those given , by the electrie response. The specimen 
employed Is the^ terminal leaflet, of Desmodium 
the pnlvinns of which .is very .sensitive to light, Pnlvi- 
iiated organs,' generally speaking, exhibit a ditiriial' varia- 
tion of turgor in ' Consequence of which, the position of, 
eqnilibrinm .of^,::t^ leaf or leaflet' undergoes . a' ' periodic - 
change,;, : But this equilibrium position of the organ- 
remains ' fairly constant for. nearly ■ two hours about ' mid- 
day, the ‘variation of temperature at this period being 
slight. We may therefore obtain the pure effect of light 
by carrying out the experiment at this period, and 
completing, it within a short time to avoid complication ; 
arising from the autonomous variation of turgor. 

'■ The period of experiment of the plant may be' short- 
ened by a choice of suitable intensity of light ; a given 
tropic effect induced'' by ' prolonged feeble light may thus 
be obtained by short e.xposure to .stronger , M 
source of light for the: following experiment was a 50 c.p; 
incandescent lamp. The . intensity was increased to a suitable 
value by focussing light on ' the ■ upper half of the pulvinus 
by means of a lens,: The intensity was so adjusted that 
the maximum positive curvature was attained in the course 
of about 6 minutes, and! complete neutraiisation after an 
exposure of 17 minutes. 

Pre-maximum after-effect : . ' .Experiment ' ^17,— Light was 
allowed to act -on the upper' half of the pulvinus for two 
minutes and twenty seconds..* this induced: an up-movemen.t 
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i.e., a positive curvature. On the stoppage of light the up- 
movement continued for one minute and twenty seconds, 
after which the down-movement of recovery was completed 
in six minutes and twenty seconds (Fig. 207). The imme- 
diate after-effect is thus a movement upward, away from the 



Era. 20-.-Light applied at arrow, and stopped at the second arrow within 
a circle. After-effect of pre-maximum stimulation is continuation of positive 
OiirYatiire followed by recovory. 

Era. 208.— After-effect at maximum ; recovery towards zero position of equili- 
biitim. 

Fra. 209.— After-effect at post-maximum is a rapid overshooting below the 
position of equilibrinm. Light was applied in all cases on upper halt of puivinus 
of temtiinal leaflet of DesDiodiuM gy fans, 

zero line of equilibrium. The result is seen to be the same 
as the electric after-effect of pre-maximum stimulation. 

After-effect at maxirrmm: Experiment 218. — Application 
of light for 5 minutes and twenty seconds induced a 
maximum positive curvature. Stoppage of light was followed 
at once by recovery which was completed in about 10 
minutes (Fig. 208). 

Aftereffect at post-maximum: Experiment 219.— -As the 
plant was fatigued by previous experiments, a fresh speci- 
men was taken and light was appUed continuously on the 
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upper half , of the pulYmiis. This gave rise first to a 
maximiim positive curvature,- subsequently ' (iimiuished by 
transverse transmission of excitation. Neutralisation took 
place after application of light for 17 minutes. On i;he 
stoppage of light, there was a sudden overshooting below 
the zero line (Fig. 209), and the rate of the movement on 
the cessation of light was nearly twice as quick as dimiig 
the process of neutralisation. 

SUMMAEY. 

The after-effect of light is modified by the duration of 
exposure to light. 

Under continued action of light, the electric response of 
galvanometric negativity in plants attains a maximum after 
which it undergoes decline, and neutralisation. 

The electrical after-effect exhibits characteristic difl[:er- 
ences depending on the duration of previous exposure to 
light. 

The pre-maximal after-effect is a temporary continuation 
of response under light followed by recovery. 

The after-effect at the maximum is a recovery to the 
normal equilibrium. 

The after-effect at post-maximum is an ‘ overshooting ^ 
below the position of equilibrium. 

The immediate and after-tropic response of light are 
similar to the corresponding photo-electric eflfects. 

The pre-maximum after-effect is a continuation of 
positive tropic movement followed by recovery ; the after*- 
efi'ect at maximum is a recovery to the normal equilibriuiii. 
position of the organ. The post-maximum after-effect : is an 
overshooting below the position of normal equilibrium. 


LI,— THE DIURNAL MOVEMENT OP THE LEAF OP 
MIMOSA 

By 

Sir J, C. Bose. 

Ik the standard curve of nycti tropic movement under 
thermo-geotropism described in a previous paper, the diurnal 
record consisted of an up-curve from thermal-noon to 
thermal-dawn, and a down-curve from the thermal-dawn to 
thermal-noon. The responding organ, which may be an 
inclined stem or a horizontally spread petiole, underwent an 
erection during the decline of temperature, and a fall with 
the rise of temperature. The diurnal record of the Mimosa 
leaf appears, however, to be totally different. 

Experiment 220 . — I obtained the diurnal record of 
Mimosa (Pig. 210) for twenty-four hours commencing at 
2 p^m. which is the thermal-noon. The summer and winter 
records are essentially the same ; the only difference is in 
the greater vigour of movement exhibited by summer 
specimens. The diurnal movement of the leaf is very 
definite and characteristic • for the curves taken five years 
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ago do not differ in any way from those obtained this year. 
The record may conveniently be divided into four phases. 



Fia. 210. — Diurnal record of hfAmom in summer, and in winter. Leaf rises 
from 2 to 0 p.m,, when there is a spasmodic fall. Leaf re-erects itself from 0 p,m. 
to 6 a.m. after which there is a gradual fall till 2 p.m, with pulsations. The 
upper-most record gives temperature variation, up-ourve representing fall of 
temperature and vice verm. 

First phase . — The leaf erects Itself after the thermal- 
noon up to 5 or 5-30 p.m. The temperature, it should be 
remembered, is undergoing a fall during this period. 
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'Second phase.— -Them is a sadden fall .of the leaf IB' the 
eYening which, continn^^^ 9 p.m. or thereabout. ' ^ ^ 

. ::/Third' phase.— The leaf erects' itself till thermal-dawn 
at about 6 , ;a.m. next morning. 

Fourth pMse.~TheTe is a fall of the leaf, during the, 
rise of temperature from thermal-dawn to thermai-noon. 
The uniformity of the fail is, however, interrupted by one 
or more pulsations in the forenoon. These pulsations are 
more frequent in summer than in winter. 

It will thus be seen that the difference between the 
normal tliermo-geotropic carYe, and the curve at Mimosa is 
not so great as appears at first sight. With the exception 
of the spasmodic fall in the evening, the diurnal curve shows 
an erectile movement during lowering of temperature, and 
a movement of fall during rise of temperature. I shall 
presently explain the reason of the sudden fail in the even- 
ing, and of the multiple pulsations in the forenoon. 

I have, moreover, been able to trace a continuity in 
Mimosa itself, between the standard thermo-geotropic 
reactions and the modification of it by the action of light. 
The young leaves which sprout out at the beginning of 
spring take some time to become adjusted to the diurnal 
variation. There are two intermediate stages through which 
the leaves pass before they exhibit their characteristic 
diurnal curve. Slow rhythmic pulsations are at first seen 
to occur during day and night. At the next stage the 
leaves exhibit the diurnal movement of fall from thermal- 
dawn to thermal-noon, and movement of erection from 
thermal-noon to thermal-dawn next morning, the record 
being in every way similar to the standard thermo-geotropic 
curve. It is only at the final stage that there is a spasmodic 
fall in the evening which we shall find is the characteris- 
tic after-effect of light. 
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Before proceeding further I- shall refer briefly to the 
theory of Millardet in explanation of the cliumal movement 
of the leaf of Jfimosa. He found that the tension in stems, 
and presumahly its turgor, .is increased with rise and de« 
creased with fail of temperature. - The movement of ■ the 
lateral leaf may, therefore, be due to the induced variation 
of tension in the main axis. Had this been the case the. 
minimum tension would have occuiTed at the minimum, 
temperature in the morning, and the leaf should have under- 
gone a maximum fall. The maximum temperature attained 
in the afternoon should have, on the other hand, brought 
about the maximum erection. The observed facts are, how- 
ever, the very opposite to these. Kraus and Millardet also 
found that light and darkness had great influence on the 
tension, which increases in darkness and diminishes in light. 
The tension at dawn may therefore be a resultant of the 
depressing effect of low temperature opposed by the pro- 
moting effect of darkness, the latter being the predominant 
factor. The erect position of Mimosa leaf in the morning 
may thus be accounted for by the resultant increase of 
tension of the stem. The explanation of the movements of 
the leaves is thus to be attributed to the variation of tension 
in the main axis to which the leaves are attached ; 
this leads to the conclusion that the leaf-movement should 
be determined in relation to the plant, and not in rela- 
tion to the external stimulus. I shall, however, describe 
a crucial experiment in the course of this paper, which 
will show that the direction of stimulus of gravity has a 
determining influence on the periodic movement. The 
sudden fall of the leaf before evening is again inexpli- 
cabie from the theory of periodic variation of tension. 

The complexity in the diurnal movement in 
arises from the fact that there are three factors whose fluc- 
tuating effects are different at different parts of the day ^ 
The effect at any particular hour results from the 
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: ■ algebraical ■ suHimation ..of the ■ . following factors r (1) , fclie 
' th.erniO'geotropic ' aotioii, (2) .the Immediate .effect :Of photic 
.stlnraliiB:' and (3)' .the.' after-effect ^of light. The , leaf ,. .of 
haSv' I shall show, an aiitoaoinoti.s 

' moTemeiit of " its own. I shall take up the full consider- 
' at! on 'of the s.ubject in the following order; 

.; '^1. The thermo-gmtropic reactm^ — A crucial experiment 
will ' be : described which demonstrates the effect' of thermo- 
geotropism in the dixirna] movement of the leaf of 
Mimosa. . 

2. pulsation of Mimosa. — ^The natural 
pulsation of the plant is obscured by the paratonie effect 
of external stimuli. I shall explain the method by which 
the natural pulsation of the leaf becomes fully revealed. 

3. The immediate effect of lights — This is not con- 
stant, but will be shown to undergo a definite variation 
with the intensity and duration of light, A very great 
difiaoulty in the study of effect of daylight at different 
parts of the day is introduced on account of the absence 
of any reliable recorder for measurement of fluctuation 
of light. I shall describe a device which gives a con- 
tinuous record of photic variation for the whole day* 

4. The after-effect of lighL—T)x% spasmodic fall of 
the leaf of Mimosa towards the evening presents the 
most difficult problem for solution, I shall first describe 
the diurnal movement of another plant which presents 
characteristics similar to those of Mimosa. I shall also 
demonstrate the various after-effects of light at different 
parts of the day. These results will offer the fullest 
explanation of the sudden fall of the leaf towards 
evening. 

As regards the sudden fall of the leaf about evening, 
Pfeffer regarded it as due to increased mechanical 
moment of the secondary petioles moving forward on 
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the withdrawal of light. I shall, however, in the course of 
this paper show, that the characteristic movemeiitsv oeciir 
even after complete removal' of the snb-petioles. In the 
following' experiment, carried out with the intact plant, 
the 'effect - of possible variation - of weight is completely 
eliminated. In . spite of this, the diurnal movement ex- ' 
hibited its characteristic phases including sudden movement 
in the evening. . . 

The experiment I am going to describe will exhibit 
the diurnal curve obtained by an entirely different 
method, and will clearly exhibit the thermo-geotropic 
effect, as well as the immediate and after-effect of light 

BIURKAL VARIATION OF GBOTROPIC TORSION. 

I have shown that the pulvinus of Mimosa, subjected 
laterally to the action of stimulus of gravity, exhibits 
a torsional response. When the Mimosa plant is laid 
sideways, so that the plane of separation of the upper 
and lower halves of the pulvinus is vertioat geotropic 
stimulus acts laterally on the two halves of the differ- 
entially excitable pulvinus. When the less excitable upper 
half is to the left of the observer (see ihg. 179), the 
responsive torsion under geotropic stimulus will be clock-wise, 
the less excitable upper half of the pulvinus being thereby 
made to face the vertical lines of gravity. When the plant 
is turned over to the other side (the less excitable upper 
half being now to the right of the observer) the induced 
torsion will be counter clock- wise. The response is there- 
fore determined by the directive action of stimulus of 
gravity. Light has also been shown to give rise to 
torsion (p. 400). Light acting in the same direction 
as the stimiiius of gravity, - - from abote^ enhances the 
rate of torsion, the curve . : of response' being due to', the 
joint effects of light and gravity. 
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Experiment 221.— -1 obtaiaed 24 hoars’ record of -varia- 
tion of torsional response of Mimosa, commencing with 
thermal-noon at 2 p.m. It is to be borne in mind that 
increase of torsion indicates increase of geotropic action, 

just as the erectile movement of the leaf in the normal 
position indicates the enhanced geotropic effect. Inspection 
of figure 211 shows that the fall of temperature after 
thei'mal-noon was attended by increase of torsion. The 


tie. 211. Record of diurnal variation of toirsion in Mimosa leaf. Up-curve 
represents increase and down-curve decrease of geofcropic torsion, 

curve went up till about 5 p.m., as in the ordinary 
record of Mimosa. The torsion suddenly decreased with the 
rapid diminudon of light after 5 p.m. The torsion then 
increased with falling temperature from 9 p.m. till 
thermal-dawn next morning. After 6 a.m. there is a 
continuous diminution of torsion till 5 p.m. 

We may now summarise the diurnal variation of 
torsion exhibited by Mimosa. The torsion undergoes a 
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periodic,, increase during ■■ the fall of, tempera,tiire from 
.afterBOon till next' morning, and a ,dimlnution ■ during 
rising temperature from morning till afternoon* A sudden 
diminution of' torsion occurs ’at about 5'p.m* due to ' the 
disappearance of light. The torsional record is, to ail 

intents and purposes, a replica of the record of periodic 
up and down movements of the leaf. 

This method of torsion has several advantages over the 

ordinary method. First, the petiole being supported by 

the loop of wire, the weight of the leaf has no effect on 
the curve of response. In the second place, the periodic 
variation of turgor of the stem, as suggested by Millardet, 
will not in any way affect the record. Variation of 

turgor can only cause a swing to and fro, in a direction 
perpendicular to the plane which divides the pulviiius 
into upper and lower halves; it can in no way induce 
a torsional movement, or a variation of the rate of that 
movement. 

The automatic pulsation of the leaf of Mimosa. — The 
occurrence of the pulsatory response in the morning record 
of Mimosa led me to search for multiple activity in 
the response of the pulvinus. I have in my previous 
investigation on the electric response of Jbfrmotsa o 
multiple series of responses to a single strong stimulus. 
Blackman and Paine have recently shown that an isolated 
pulvinus of Mimosa exhibit multiple mechanical twitches 
under excitation,’* 

Even under normal conditions, the sprouting young 
leaves in March, as already stated, exhibit automatic 
pulsations throughout the day and night; in older leaves 
tuned to diurnal periodic movements, these natural pul" 
sationsj'are more or less ^suppressed. But in the forenoon, 
several pulsations are exhibited even by the old leaves. 

* Blaokmaa and Paine--" ^naals of Botany ” 
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The question may now be asked : Why should the 
pulsations occur preferably in the morning? In connec- 
tion with this I shall refer to the suppression of the 

pulsatory activity of Desmodium gyrans when the leaflet 
was pulled up by the action of light (cf. Fig, 188). 

The' leaf of Mimosa executes, a very rapid movement of 
erection at night, and the natural pulsations are thereby 
rendered very inconspicuous. These pulsations may, ' how- 
ever, be found in the night record of young leaves. 

The general occurrence of pulsations in the forenoon is 

probably due to the fact that . the resultant force which 
causes the down-movement is at the time relatively feeble — 
the operative factors being: (1) the action of the rising 
temperature which induces down-movement, and (2) the 
action of light which in the forenoon opposes this move- 
ment. It will thus be seen that the forces in operation 
ill, the forenoon are more or less in a stafe of balance’ 
hence conditions for exhibition of natural pulsations are 
more favourable in the morning than in other parts of 
the day. 

Experime^it 222 , — I next tried to discover conditions 
under which the plant would exhibit its normal rhythmic 
activity during the whole course of 24 hours. The ex- 
ternal stimuli which may interfere with the exhibition 
of its automatic pulsations are those due to gravity 
and light. They act most effectively on the pulvinus, 
when that organ is more . or less horizontal and therefore 
at right angles to the direction of the incident stimulus ; 
they act least effectively on the pulvinus when the organ 
is parallel to the direction of the external force. This 
latter condition may be secured by holding the plant upside 
down, when the pulvinus bends up and the leaf becomes 
erect and almost parallel to the vertical lines of gravity and 
to vertical light from above. The leaf, now relatively free 
from the effects of external stimulus, was found to exhibit 
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its autonomous pulsations for more than seven days. I 
reproduce two sets of records (Fig. 212) for 24 hours each, 



MIDNIGHT 


NOON 


NOON 


Fiia. 212. — Continuous record of automatic pulsation of Mimosa leaf. The two 
series are for the first and the third day. 


obtained on the first and the third day. The average period 
of a single pulsation is slightly less than six hours ; but 
this is likely to be modified by the age, of the specimeu 
and the temperature of the environment. 


One of the factors that determines the diurnal movement 
of the leaf is the immediate and after-effect of light. The 
movement under the action of light, is modified by 
the intensity and duration of ^illumination. The experi- 
mental investigation of the subject offers many diffi- 
culties, principally owing to the absence of any reliable 



Fig 213 — Photometric record showing Y 3 -naUoti of intensity of light from morning 
to evening. Successive dots are at intervals of 30 minutes. 

and the deflection increased with increasing intensity of 
diffuse skylight. The special difficulty was in securing 
automatic record of the galyanometer deflections* TUfim 
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indicator for the , varying intensity . of light ' during the 
course of the day. , 


THE PHOTOMETEIC BICOEDER. 


This difficulty I have been able to overcome by the 
automatic device for continuous record of the variation 
of light. The electric resistance of a selenium cell under- 
goes diminution with the intensity of light that falls on 
it. The photo-sensitive cell was made the fourth arm of a 
Wheatstone bridge, the resistance of the cell being exactly 
balanced when the shutter of the sensitive ceil was closed. 
The selenium receiver was pointed upwards against the 
sky. Precaution was taken that it was protected from the 
direct action of sunlight. On opening the shutter a deflec- 
tion of the index of a sensitive galvanometer was produced, 




'^z: ' BS7 

was obtamed ■ by a " special coutrivanee ■ of an , osciilatmg 
smoked glass ■ plate, the ■ up and down oscillation^ : being 
at intervals of 30- minutes. A detailed accoant^ of : this 
apparatus will, with its possibilities for meteorology, be 
given in a future paper, I reproduce the recorl obtained 
in my greenhouse on the 5th March (1919), which gives a 
generals idea of the variation* ' of ^t he light from morning to 
evening (Big. 213), The record shows that the light began 
to be perceptible at 5-30 ^.m., and that the intensity 
increased rapidly and continuously till it reached a elimax: 
at noon, after which it began to decline slowly. The 
decline of intensity of light was very abi:apt after 5 p.m , 
the effect being reduced to zero at 6-30 pan. 

THE EFFECT OF DIRECT LIGHT. 

Under natural conditions, the leaf of is acted 

on by light from above, and it is generally supposed that 
the pulviniis is posltivaly phototropic, that is to say, it 
curves upwards till the leaf is placed at right angles to 
the direction of light. My investigations show, however, 
that the phototropic effects vary from positive to negative 
through an intermediate stage of neutralisation, these de- 
pending on the intensity and duration of exposure. When 
light acts continuously on the upper half of the pulvluiis, 
there follows the following sequences of reaction : 

(1) The leaf is at’' "first erected by the contraction of 
the upper half of the puivinus due to direct action of 
light acting from above; 

(2) Under continuous stimulation of the upper half of the 
pulviniis by light, the excitation is slowly conducted to the 
lower half across the pulvinus. In consequence of this 
transmitted excitation, the lower half begins to contract 
and thus neutralises the first effect of erection. The upper 
half of the pulvinus is less contractile tha 
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half^ and the neutralisation is due to the full contraction 
of the upper half antagonised by slight contraction of the 
lower half. The horizontal position of the leaf under light 
is therefore the result of balance of the two antagonistic 
reactions. If the incident light be very strong, the more 
intense transmitted excitation inducOvS greater contraction of 
the lower half, and bring about a resultant down-move- 
ment (6/. p. 331). 

Let us consider the effect of daily variation of light on 
Mimosa ; we have here to take account both of intensity 
and duration. The intensity of light is seen to itndergo a 
continuous increase which reaches a climax at noon ; it 
then begins to decline slowly and the diminution of inten- 
sity of light is very abrupt after 5 p.nu 

Under natural conditions the following pliototropic effects 
are observed during the course of the day : light acting 
from above induces an up-movement of the leaf ; but 
this is opposed by the thermo-geotropic fall of the leaf due 
to rise of temperature. As the two opposing effects are nearly 
balanced, any fluctuation of the relative intensity of the 
two gives rise to the pulsatory movements often seen in 
the forenoon ; the Mimosa leaf has moreover an autono- 
mous movement of its own. Under continued action of light 
neutralisation begins to take ; place after 1 p.m. {cf. 
ExpL 135). Later in the day the phototropic effect may 
become negative ; reversal into this negative takes place 
under the joint action of intensity and duration of light; 
it takes place earlier under strong, and later under feeble, 
light. 

THE EVENING SPASMODIC PALL OP THE LEAF. 

I shall now deal with the difficult problem of the sudden 
fail of the leaf after 5 p.m. Pfeffer regarded this sudden 
fail in /the evening as due to the increased mechanical 
moment ; of ; the secondary petioles moving forward on the 
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■•wit^hdrawal of light. But the' following experiment, ,, shows 
that , the increased meoliaiiical moment cannot he the true 
explanation of , the fall. ' 

, .Dmrnar movement' of the amputated petiole : Experimeftt 
22B'^-^ln: my present experiment the possibility of 'variation 
of mechamcal movement was obviated by cutting offi the 
end of the petiole, which carried the sub-petioles. The cut 
end was coated with collodion flexile to prevent evapora- 
tion. The intense stimulus caused by amputation induced 
the excitatory fall of the leaf, but it recovered its normal 



Fig. 214. — Becord of leaf of Mimosa 
after amputation of sub-petioles. The leaf 
fell up to 2-30 p.ih., and rose till 5 p.m., 
after which there is a spasmodic fall. 

15 


activity after a period of 
three hours or so. The 
diurnal record of the leaf 
was commenced shortly 
after 1 p.m.; it will he 
noticed that the leaf, though 
deprived of the weight of 
its sub-petioles, still exhibit- 
ed a sucfden fall at about 
5 p. m. (Fig. 214). The fall 
of the le^f cannot therefore 
be due tp increased mecha- 
nical moment. The efl'ect 
of weight was, moreover, 
eliminated in torsional res- 
ponse {Expt. 22iy In spite 
of this the leaf exhibited 
a sudden ^ movement after 
5 p.m. 


(Successive dots at intervals of 
minutes.) ■ 

Pfeffer has in his ‘Entsfcehung der Schlaf bewegung ’ 
(1907) offered another explanation of the sudden fall of the 
leaf of Mimosa, This, according to him, is not the direct 
effect of diminished intensity of light in the evening, bu" 
is dpe to the release of the leaf from the phototropic act! 
of light, which, so long as it is sufficiently intense, holds 
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leaf in the normal position with its upper surface at right 
angles to the incident rays. Thus, on being set free from 
the strong action of light, the leaf moves in accordance 
with the preceding condition of tension ; and as this is low 
the leaf falls, soon to rise again as the tension increases in 
prolonged darkness. 

The above explanation presupposes: (1) that the tension 
was continuously decreasing till the evening, and (2) that as 
soon as the phototropic restraint which held the leaf up 
was removed it fell down in accordance with the prevailing 
diminished tension; 

deferring to the first point, an inspection of the diurnal 
curve of Mimosa shows that the leaf had no natural 
tendency to fall towards the evening. There was on the 
contrary a movement of erection, oii account of fall of 
temperature after the thermahnoon (Pig. 210). As the 
natural tendency of the leaf was to erect itself, the removal 
of phototropic restraint cannot therefore induce a move- 
ment of falh 

As regards the factor of light, the effect in the after- 
noon is a down-movement on account of transverse con- 
duction of excitation; but the leaf is prevented from exhibit- 
ing this down-movement by the thermo-geotropic up-move- 
ment due to fall of temperature after the thermal noon. I 
shall presently describe experiments on the pure effect of 
light, which will show that ihe action of continued photic 
stimulus induces a ^ downVmovement of the leaf in the 
afternoon, - 

The results of experiments that have been described show 
that the sadden fall of the leaf in the evening could not 
be due to : 

(1) increased mechanical moment, 

(2) the natural tendency of the leaf to fall towards 

evening against phototropic action by which the 
leaf is held up. 
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■ The aboYe explanations „ having proved unsatisfactory mb 
have to search for other factors to account for the fall of 
the leaf , on 'the of light. . In" this connection ■ I 
was struck by the extraordinary similarity of the diTiriiai* 
curve of the petiole of Cassia alaki with that of Mi^nosei. 


DIURNAL CURVE OF THE PETIOLE OF Cassia alata. 

Experiment 224 . — The leaf of Cassia exhibits as in the 
leaf of Mimosa a slight erectile movement after the thermal- 
noon at 2 p.m., there is next a sudden fall after 5 p.m., 
which continues about 9 p.m. ; after this the leaf exhibits 
a continuous rise with the fall of temperature, till the climax 
is r^ched about 6 a.m. in the morning ; ' the leaf tlien 



Fig. 215.— Diurnal record pf Cassia Note similarity with diurnal record of 
J/imo.sa. 

undergoes a fall with rise of temperature;, there being a 
number of pulsatory movements in the forenoon, evidently 
due to unstable balance under the opposing effects of liglit 
and of rise of temperature (Fig, 215), 
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reason - of ' 'this similarity between:,' the ■ records of; 
Cassia and ■ was' found in the fact :■ ■ " 

(1) That the main pulvinus of the leaf of Gama is/ 
like the puiviiius ' of' Mimosa, differentially ' excitabie,: the 
lower half being more excitable than the upper; This is 
demonstrated by ' sending 'a diffuse electric shock through 
the leaf, the response being by a fall of the leaf due to the 
greater contraction of the lower half of the pulvlnus. 
The leaf recovered after an interval of 20 minutes, the curve 
of response being, similar to that of Jfimosa. The only 
diflerence between the two organs is in the lesser excitabi- 
lity of the piilvinus of Cassia, on account of which a 
greater intensity of shock is necessary for producing the 
responsive fall. 

(2) The responses to light are the same in both as 

will be seen in the following 'experiment. / 

Experiment 225. — In 0assia, as m^\Mimosa, light acting 



-- , ' :r ' ; ' 

Fia. 216.-'-?ost-maximum affcer-effifeot of light , on response of leaf of Cassia. 
There ia an over-shooting on cessation of light at arrow within a circle. 

from above induces , at hrst ^ an erectile movement which 
Teaches ,a maxim uii. ||a0pir tMs, -there is a neutralisation 
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and reversaL In t&e record given in figure 216, light 
from a small arc lamp acting on the upper half of the 
piilviiius for 48 minutes gave the maximum positive 
curvature ; this was completely neutralised hy further 
exposure to light for 20 minutes. Light was cut off at 
neutralisation and there was a sudden fall beyond the 
equilibrium position, which was more rapid than the 
movement under light. The after-effect of prolonged 
exposure is thus an ‘ over-shooting’ beyond the normal posi- 
tion of equilibrium. 

RESPONSE OP Mimosa TO DARKNESS AT DIB'PERBNT 
PARTS OF THE DAY, 

1 now tried the effect of darkness on the movement of 
Mimosa^ and was surprised to find that while artificial 
darkness caused a sudden fall of the leaf in the after- 
noon, it had DO such effect in the forenoon. 

226. -—Successive records were taken of the 
effect of artificial darkness for two hours, alternating with 
exposure to light for two hours. The plant was subjected 
to darkness by placing a piece of black cloth over the 
glass cover from 12 to 2 p.m., it was exposed to light from 
2 to 4 p.m,. and darkened once more from 4 to 6 p.m. 

The record given in figure 217 shows that the leaf had 
been moving upwards under the action of light (positive 
phototropism); darkness commenced at the point marked 
with a thick dot. The after-effect on the stoppage of light 
is seen to be in the same direction m under light; this 
persisted for ten minutes followed by recovery which was 
complete by 2 p.m,, as seen In the horizontal character 
of the curve. On restoration of light (at the point 
marked with the second thick dot) the leaf moved up- 
wards till the positive phototropic movement attained a 
maximum in the course of an hour and twenty minutes, 


Ml 




after which neutralisation Set in, and by 4 p.m, the positive 
phototropic effect had become pai^tially nentraiised. Arti- 



ficial darkness at the third thick dot caused a rapid down- 
moyemeht which overshot the position of equilibrium. 
The difference of after-effect in the forenoon and in the 
afternoon lies in the fact that in the first case it was the 
pre-maximum after-effect f but in the second case the 
after-effect was post-maximum. I have already shown in 
the previous chapter that the pre-maximum after-effect of 
light is a short-lived movement in the same direction as 
under light, while post-maximum after-effect was a rapid 
over-shooting downwards beyond the equilibrium posi- 
tion. These characteristics are also found in the after- 
effects of light in Mimosa* 
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The responses of Mimosa on the cessation of light 
described above took place in the course of experiments 
which lasted for more than six hours. Objection may be 
raised that during this long period the temperature varia- 
tion must have produced certain effects on the response^ 
In order to meet this difficulty, I carried out the following 
experiments which were completed in a relatively ^short 
time. I have already explained how the period of ex- 
periment could be shortened by suitable increase of the 
intensity of light. The experiment was commenced inside 
a room at noon and completed by 2 p.m.; the temperature 
variation during this period was less than PC. 


After-effect at pre-maximum : Experiment 221 . — Light from 



Fig. 218 Fig. 219. Fig. 220. 

Fig. 218. — Pre-maximum after-effect of light in Mhmm. 

Fig. 219. — After-effect at maximum. 


Fig. 220.— Post-maximum after-effect exhibiting an ^over-shooting’ below 
position of equilibrium. 

In the above records light was applied at arrow, and stopped at the second 
arrow enclosed in a circle, 

an 100 c.p. incandescent lamp was focussed on the npper 
•half of the pulvinus of Mmosa for 8 minutes, after whic 
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the light was turned off. The after-effect was a persis- 
tence of previous movement followed by recovery (Fig. 
218). 

After-effect at maximmn ; Experiment 228. — Continued 
action of light for 18 minutes hiduced maximum positive 
curvature as seen in the upper part of the curve becoming 
horizontal. On the stoppage of light, there w^as a recovery 
to the original position of equilibrium (Fig. 219). 

After-effect ut post-maximum: Experiment 229,— A 
fresh specimen of plant was taken for this experiment ; it 
exhibited maximum positive curvature after an exposure 
of 20 minutes; continuation of light for a further period 
of 17 minutes produced complete neutralisation. Stoppage 
of light at this point, gave rise to a rapid down-move- 
ment (Fig. 220) below the equilibrium position. 

The experiments that have been •described show that 
the rapid fall of the leaf of Mimosa ip the afternoon is 
due to ‘over-shooting’ which is the after-effect of pro- 
longed action of light. 

We are now in a position to give a full explanation 
of the different phases of diurnal movement of the leaf 
of Mimosa, The fall of the leaf commences from its 
highest position at thermal-dawn at 6 a.m, in the 
morning and continued till the thermal-noon at 2 p.m. 
This is the thermo-geotropie reaction due to rise of tempera- 
ture In the forenoon the phototropic action is positive, 
and the fall of the leaf, due to rise of temperature, is 
brought about in opposition to the action of light. The 
temperature begins to fall after 2 p.m. and the leaf 
begins to erect itself, and in the absence of any dis- 
turbing factor would have continued its up-movement till 
next morning. But light undergoes a rapid diminution 
after 5 p*m, and the after-effect of light is an ‘ over- 
shooting’ ^in a downward direction* This fall continues* 


, j/i about 9 p«m., after - which ^;tbe^;;leat^:^ itself 

under thermo-geotropic action ' of , falling' .temperatiire,; .the 
maximum erection being ' attained at . the thermal-dawB . at 
a bout 6 a.m. 

; SUMM.ABy. 

The very complex type of nyctitropic movement of 
the primary petiole of lf?>? 20 sa results from the combined 
effects of thermo-geotropism and phototropism. 

With the exception of a small portion of the curve in 
the evening, the diurnal curve of Mimom is similar to 
the standard thermo-geo tropic curve, where the leaf exhibits 
an erectile movement from thermal-noon to thermal- 
dawn, and a fall from thermal-dawn to thermal-noon. 

Investigations show that the leaf of Jiimosa has an 
autonomous movement of its own, which persists through- 
out twenty-four hours. 

' The torsional response of Mimosa exhibits a diurnal 
variation similar to that exhibited by the leaf in normal 
position. 

The leaf of Cassia alata exhibits a diurnal movement 
of the same type as that of Mimosa^ 

The spasmodic fall of the leaf towards evening is not 
due to the increased mechanical moment caused by the 
forward position of the sub-petioles. The record of the 
leaf with amputated sub-petioles exhibits the sodden fail 
in the evening as that of the intact leaf. 

The evening fall of the leaf of Mimosa is shown to 
be due to the post-maximum after-effect of light, which 
causes an ‘ over-shooting .the , leaf . ' undergoing a ■ fail 
below the position of equilibrium. 
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